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Aliphatic polycarbonates were synthesized by condensation of the 
bischloroformate of 2,2,4,4-tetramethyl-l,3-cycIobutanediol with cyclic 
aliphatic diols. Polycarbonates that lacked flexible methylene units in 
the backbone processed Tg > 139°C. Copolycarbonates acted as resists 
when combined with cobalt(m)-am(m)ine tetraphenylborate complexes 
which act as photointiators, with tetraphenylborate serving as counter 
anion. The photoinitiator liberates either ammonia or ethylene diamine 
base upon UV exposure and the polycarbonate backbone is subject to 
nucleophilic attack at the carbonyl linkage by the base. Image tone was 
dependent on the base used. Amine complexes, Co(NH3)63+ effected a 
positive tone due to ammonia induced main chain degradation at the 
carbonate linkage. Cobalt ethylenediamine complex, Co(en)33+, en is 
ethylenediamine, effected a negative tone. The released 
ethylenediamine acted as a tetrafimctional crosslinking agent forming 
carbamate linkages. Resolution studies determined linewidths to 20 pm. 
The amine complex, under low intensity UV radiation, >0.35 mW/cm2,
and elevated temperatures, >40°C, promoted vapor developed positive 
tone images in the resists layer.
1-Butene, 2-methyl-1-pentene, cyclohexene, and norbomene were 
copolymerized with sulfur dioxide. Thermal characterization revealed 
that these copolymers possess low Tg, i.e., < 35 °C, and two degradation 
transitions between 110-200°C. They undergo main chain degradation 
forming positive tone images when exposed to synchrotron radiation and 
base development. Sensitivities were determined to be <25 mJ/cm2 for 
poly (2-methyl pentene-1 sulfone). This copolymer vapor develops 
upon exposure of lpM thick films to doses >800 mJ/cm2. Features to 
0.4pM were obtained in this manner using a test mask.
Novel polysulfones were prepared by the polymerization of SO2 
with conjugated dienes. Polymerizations were performed at -78°C in 
nitropropane as solvent using f-butyl hydroperoxide as initiator. The Tg 
of these polymers are > 70 °C with similar degradation transitions seen 
for the poly (olefin sulfone) copolymers. These polymers are soluble in 
a common solvent, nitromethane. Poly (hexadiene-1,3 sulfone) acted as 
a positive tone resist when exposed to synchrotron radiation and
developed in nitropropane. Sensitivities < 50 raJ/cm2 were determined 
for this polymer, vapor development was not achieved. Resolution 
studies revealed line widths to 0.25 pM, the feature limits of the test 
mask used.
CHAPTER 1 
INTRODUCTION TO MICROLITHOGRAPHY 
LITHOGRAPHY
Lithography is the ait of reproducing an image multiple times. An 
example would be the use of stencils or tracing the outline of your hand 
on a piece of paper. In this respect it can be described under a broad 
range of fields. One field of interest is the use of polymers, or a 
combination of polymers and small molecules, for image transfer. These 
materials are termed resists. They react to certain types of radiation and, 
thus, an image can be imparted on them depending on the pattern of the 
light. Resists are used in the production of computer circuits, 
microlithography, and in the manufacturing of small three dimensional 
objects, micromachining. Generally, microlithography deals with thin 
polymer films, V2 - 5 pm, and micromachining with thick films, >5 pm. 
COMPUTER CHIP PRODUCTION
The semiconducting nature of silicon has brought it to the 
forefront as the medium of choice for producing very large scale 
integrated, VLSI, circuits. These circuits work by doping areas of 
silicon with various impurities to form two types of semiconductors. If
1
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the impurity has five outer electrons, such as arsenic, an n-type 
semiconductors is formed. This type has a free electron that can move 
around and thus said to leave negative holes in the crystal lattice of the 
silicon crystal. The second type are dopants with three electrons in the 
outer shell, such as gallium. These are termed p-type semiconductors 
and leave positive holes in the crystal lattice when electrons move. The 
junction between three semiconducting zones, p-n-p or n-p-n types, is 
termed a transistor. Transistors are simply switches that are either 
turned off or on depending on the voltage applied. 1 This off-on 
switching gives us the 0’s, off, and l*s, on, that we commonly know as 
computer language. The placement and order of all theses junctions is 
critical for the computer to follow commands and for recalling 
information. How are these produced? The chip is produced by placing 
a thin layer of polymer, or resist, on a thermally oxidized layer of 
silicon, forming silicon dioxide. This is usually accomplished by 
applying a viscous solution of resist on a circular disk, or wafer, of 
silicon, spinning at high speeds to form a thin film, and baking to remove 
the solvent. The resist is patterned with radiation to produce the desired
3
image, and the image is then developed with an appropriate solvent by 
removing unwanted polymer. A channel or depression is now imprinted 
in the resist down to the silicon dioxide layer. This oxide layer is 
stripped with an ionized gas or plasma, a process termed reactive ion 
etching (RJE) to expose a reactive silicon surface. During this step, the 
undeveloped resist is left intact. The chemical inertness of the polymer 
to this etchant is termed it’s resistance, thus the name resist. The 
exposed silicon is implanted with chemical impurities, or dopants, that 
form the negative or positive conducting zones described earlier. The 
residual resist is then entirely stripped away by another RIE gas or a 
stronger dose of the original one used to remove the oxide layer. A 
polyimide planarizing layer is then coated over this to insulate the 
junctions. The wafer is then coated with another layer of silicon, 
oxidized, and the above process repeated until the required circuits have 
been produced. To connect the transistors, the wafer is layered with a 
resist and patterned with a mask that has the circuit connections printed 
on it. The exposed resist is then developed and the substrate doped by 
epitaxial growth with aluminum or gold. In some cases these metals
4
must also be etched by RIE to break undesirable connections to certain 
transistors. This entire process is repeated numerous times until many 
transistors have been layered. 2 The first chips manufactured used 
circuits that, although fast for the time, still required large rooms to store 
the computers they ran. Many of today’s pocket calculators contain 
more computing power than those computers used by NASA during the 
Apollo program. 2 Since the development of the first chip, the trend in 
computers has been miniaturization and, with it, increased speed. 
MINIATURIZATION AND SPEED
It seems that someone is always hying to build a better mouse 
trap and the same is true for computers. Improving computers requires 
increasing the speed of computational tasks and enhancing the capacity 
of the microprocessors. For computers to run faster, or to increase 
speed, the circuit density must be increased by decreasing the distance 
between the circuit junctions. The linewidth between the doped 
transistors determines the circuit density, i.e. lines/cm2. The denser the 
circuit, the faster and smaller the chip. In the field of microelectronics, 
the fabrication of smaller linewidths has followed “Moore’s Law” as a
5
guidepost. Simply stated, the smallest transistor that is fabricated on a 
chip halves in size every three years, while the bit count increases by 
threefold in the same time period, table 1.1.3 Linewidths are ultimately 
controlled by the initial step in computer manufacturing, the lithographic 
process.
Table 1.1. Present and predicted lithographic 
design rule with bit density.
YEAR DRAM BIT COUNT LINE WIDTH (urn)
1992 16 Mb 0.50
1995 64 Mb 0.35
1998 256 Mb 0.25
2011 1 Gb 0.18
( DRAM: Dynamic random access memory)
LITHOGRAPHIC PROCESS
Linewidths are determined by the pattern produced by the 
incident radiation imparted on the resist. Radiation is passed through a 
mask on which a pattern has been made, figure 1.1. The radiation 
causes a reaction in the resist which imprints the image in the exposed 
region. The image is developed with an appropriate solvent, to clear the
6
area in question of undesired film. This completes the lithographic 
process.
Resists are classified as either negative or positive depending on 
the tone and solubility of the polymer in the exposed region. For 
negative resists, the exposed area is insoluble in a developing solution; 
positive resists exhibit increased solubility in the exposed region, figure
1.1. 4 The insolubility of the exposed region of negative resists is due to 
the polymer crosslinking. Positive resists fall into two categories; those 
that increase the solubility of their exposed regions by main chain 
scission, such as polymethylmethacrylate (PMMA), and those activated 
by sensitizers. These would include quinones in novolac resins, that
E X PO SIN G  RAD IA TIO N
i  >!» i i J. IRRADIATED
Figure 1.1. Schematic of lithographic process.
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convert to acids. This enhances the solubility of the exposed film.
Current chip manufactures use the novolac based resins. Novolac 
resins use phenol-formaldehyde polymers. The polymer is mixed with a 
diazonaphthoquinone photoactive dissolution inhibitor, PAC. These 
resists are soluble in organic solvents and in basic solutions like sodium 
hydroxide or tetramethylammonium hydroxide. Mixing the polymer 
with PAC renders the polymer insoluble in basic medium but the mixture 
remains soluble in organic media from which it is spin coated. Upon 
irradiation the PAC undergoes a Wolff rearrangement followed by 
hydrolysis to form a base soluble indenecarboxylic acid, equation 1.1. 
The exposed region can then be developed with a basic solution. 4 
Although novolacs and optical lithography have served us well for 
producing chips, we are fast approaching the limits of this technology. 
LITHOGRAPHIC LIMITATIONS
Lithographers will be striving for < 0.25 pm linewidths or 
features, table 1.1. Using optical lithography, i.e. UV light, presents a 
number of obstacles for attaining the 256 Mb chip. These include
5  j  ^










Equation 1.1. Photoactive reaction of photoactive complex.
Notching is a term used to describe reflection of light off the 
silicon support and diffraction in the resists itself. The light reflects at 
an angle causing over exposure, or undercutting the underlying resists, 
thus, increasing the linewidth, figure 1.2. What is immediately obvious is 
that as smaller features are produced, notching effects will cause the 




Figure 1.2. Notching effects with UV radiation.
Problems concerning depth of focus are attributed to the mask 
used. Chip manufacturers use 5X mask reduction techniques, i.e. the 
mask is five times larger than the desired image, figure 1.3. Using focus 
reduction, the image is transferred to the resist at the required size. The 
depth to which that image can be projected is limited; therefore, as 
smaller features are projected, the angle of focus increases. The effect is 
limited by the use of thinner films, but eventually, focus reduction to 
finer or smaller features will place film thickness past certain critical 
limits. These limits are set at < O.Sjim.3,4,5
10
Figure 1.3 Depth of focus; problems encountered with UV resists.
Lastly, because the size of the UV wavelength is of the same 
magnitude as the desired feature size, >190 nm, it is not possible to 
obtain the feature sizes needed for the next generation of circuits using 
current technology.3 Typical novolac resists are designed to work in the 
365-436 nm range. 4 It must be emphasized that as linewidths decrease, 
the problems set forth above amplify and become very serious restraints. 
To overcome the limitations of UV light sources, alternative radiation 
sources must be considered. Possible radiation sources include ion 
beam, electron beam, deep UV, and X-rays, i.e. synchrotron radiation. 
Synchrotron radiation shows the greatest latitude of operation; large 
beam size, small wavelength, and high throughput, showing a large array 
of advantages. Long term efforts are focusing on this source. 3‘4,5,6
11
SYNCHROTRON RADIATION
Synchrotrons are high energy particle accelerators consisting of a 
high vacuum storage ring surrounded by powerful magnets, figure 1.4 
Electrons from a linear particle accelerator are pumped into an 
evacuated ring and directed by magnets into the circular path of the ring. 
The electrons then interact with a radio frequency, produced by a 
transmitter, at the radio frequency cavity, RC. The radio waves 
dissipate their energy to the passing electrons much the same way an 
ocean wave transfers its energy to a surfer. The electrons must interact 
with the radio signal at very precise intervals so that they meet at the 
crest of the radio wave. Simply stated the electrons and the radio 
frequency must be synchronized, thus the name synchrotron. Because 
the electrons are moving charged particles, they produce 
electromagnetic radiation in the form of X-rays. The X-rays radiate 
parallel to the direction in which the particles are traveling. These X- 
rays are not “bendable” by the controlling magnets and radiate tangential 
to the path of the electrons. This is the radiation source used. 1 The 






Figure 1.4. Schematic representation of Synchrotron.
Once the ring is charged, the electrons will emit X-rays whereas 
in e-beam or ion beam particles must be continuously supplied to be 
operational. The advantage of this radiation source over ion beam or e- 
beam is that it is “non-depleting”. 1 Depletion in synchrotron only occurs 
when electrons collide, but this is negligible when compared with the 
other sources. The real feature of this is that multiple exposures can be 
performed. Because the ring is emitting X-rays tangently to the ring, 
portholes, or beam lines, can be positioned around the ling to utilize the 
X-rays being emitted.9 The number of beam lines is limited by the size 
of the ring. But even modest sized synchrotrons such as the CAMD
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facility can support eight beam lines. For e-beam or ion beam, direct 
exposure of only one wafer at a time can be done per radiation source. 4 
Quality control becomes difficult because each source would have to be 
characterized so that exposures are kept uniform. With synchrotron 
radiation, beam characteristics remain constant at each beam line and 
multiple exposures can be performed.
The wavelength of the radiation is in the soft X-ray region, >1 
nm. 9,10,11 Synchrotrons alleviate many of the problems associated with 
UV light. X-rays wavelengths are much smaller than those of UV 
sources, so smaller features can be produced, and the circuit density can 
be increased. Notching effects are also decreased because X-rays are 
absorbed by the resist support without reflection. Unlike UV exposure 
methods, figure 1.3, this technology requires the use of IX mask so 
projection is infinite and depth of focus effects are minimized, figure 1.5. 
Other X-ray sources available, such as ^Co emission, which produce 
wavelengths that are twice as large as synchrotron radiation sources, are 
insufficent because of low radiation flux. These sources would require 







Figure 1.5. Infinite projection, use of IX mask
Lastly, synchrotron radiation has the advantage over optical 
lithography for exposure of thick films, >50jim. UV light is absorbed to 
some extent by most organic polymers, especially at smaller 
wavelengths. The penetration depth of UV radiation is limited to a few 
micrometers for commercially available resists. Synchrotron X-rays are 
not absorbed by low molecular weight atoms such as carbon, oxygen, 
hydrogen, etc.,13 so their penetrating depth is greater. Couple this with 
the lack of depth of focus effects and pattern integrity is carried for a 
greater distance into the resist. As mentioned earlier, resists can be used 
for micromachining. Synchrotrons are greatly expanding this area of 
research.3 Although synchrotron radiation is capable of overcoming the
15
shortfalls of optical lithography, the full potential of this technology has 
not been reached. Many problems exist concerning mask production, 
mask-wafer alignment and poor performance of polymers when used as 
X-ray resists. Our focus has been developing polymers that fit the 
criteria needed for X-ray resists in microlithography.
RESISTS CRITERIA
Regardless of the method of exposure, there are certain criteria 
that all resists must possess to be viable for microlithography. These 
include, the ability to form good films, significant property changes, i.e., 
change in molecular weight or solubility, upon irradiation to facilitate 
development, chemical and storage stability, i.e., long shelf life, fine 
feature resolution, resistance and reactivity to reactive ion etching, and 
radiation sensitivity.
Film, Development, Resolution
Regardless of the exposing radiation, a viable resist must exhibit 
excellent film formation after spinning, good development properties, 
and sufficient thermal properties ( i.e. high glass transition temperatures, 
Tg ) for small feature retention. If a resist can be produced with
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molecular weights sufficiently high to allow the formation of durable 
films, and the polymer is soluble in non-aggressive solvents, thin films 
can be deposited on wafers by spin coating. Spin ability, i.e. coating 
characteristics, and development characteristics are generally obtained 
through empirical studies and are not difficult to define as long as the 
polymer in question exhibits a varied range of solubilities before and 
after exposure. Retention of feature characteristics is more difficult due 
to the necessity to subject the resist to high temperatures during the 
fabrication process. Although exposure is done at ambient temperatures, 
post baking is required after development to remove solvent from the 
resist matrix. Many of the dopant and RIE procedures are also 
performed above room temperature. The patterned resist should not 
undergo major deformation during these any of these processing steps. 
The tolerance for distortion is much lower with decreased feature size 
and contrast becomes more much more dependent on the rigidity of the 
resist.
The glass transition temperature, Tg, is the temperature above 
which segmental motion begins, due to increased bond rotation of the
17
polymer chain. 14 Polymers above their Tg are said to be flexible and 
those below their Tg rigid. An example would be a rubber hose placed 
in liquid nitrogen. At room temperature the hose is rubbery and flexible, 
but as the hose is immersed in liquid nitrogen it becomes hard and 
inflexible. We say that at room temperature the hose is above it’s glass 
transition temperature and at in liquid nitrogen, below it’s glass 
transition temperature.
Low Tg resists tend to flow during the higher temperature 
processing steps, and to lose feature integrity with increasing aspect 
ratios, the ratio between the linewidth and lineheight. The larger this 
ratio the more rigid the resist must be, figure 1.6. For example, if you 
tried stand a piece of flexible Tygon ™ tubing 10 inches long and one 
inch in diameter, a 10: 1 ratio, on end, it would bend and tend to fall 
over. A rigid polyethylene tube would remain upright. The Tg of a 
resist must be higher than the post-exposure development process 
temperatures so that features don’t deform. The currently used novolac 
based resins have Tg 70-120°C. 7 High circuit density chips will still 
require standard film thickness, i.e. >0.5 pm, even as the linewidths
18
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Figure 1.6. Aspect ratio; effects of Tg
Reactive Ion Etching
Reactive ion etching, touched on earlier, is the use of an ionizing 
gas to degrade the oxide layer on the exposed silicon surface. This is 
known as image transfer and permits ion diffusion or epitaxial growth of 
a doped planar image on the silicon substrate. 15 By controlling plasma
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discharge and pressure it is possible to achieve vertically straight 
etching. The common gases used in RIE are chlorine and oxygen. 15 A 
plasma discharge generates radicals and cations. These ions react to 
form etched pattern in the silicon dioxide layer. RIE is also used to 
remove the resists after epitaxial doping. Generally, a polymer is 
designed to be resistant to one etchant process or gas but removable by 
another. Organic resists that are low in oxygen and halogen content and 
silicon containing polymers are less susceptible to oxygen RIE, while 
those with chlorine are highly susceptible. Resistance can be improved 
by incoiporating aromatic side groups in the polymer. By doing so, 
polymer resistance to RIE is increased due to the increased stability of 
intermediates formed upon reaction. 16 On the opposite end of the 
spectrum, most organic polymers are very reactive toward chlorine RIE. 
As a result, one RIE system can be employed for Si02 etching and one 
for resist removal at the end of the process.
A second factor involved in RIE are the species evolved upon 
reaction with the ionized gas. Oxygen ions react with the resist to form 
C02) CO, and H20  which evaporate and pose little problem. Aluminum
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has to be etched by ionized chlorine gas. In this case, the etching 
process leads to formation of nonvolatile AICI3 which is very reactive 
toward novolac based resist. 15 What one has to be kept in mind is that 
incorporation of the correct groups into the polymer is necessary to 
provide protection against one type of RIE, but the resist should be 
generally reactive toward another RIE technique. With a general 
understanding of the chemistry and knowledge of those resists that react 
or don’t react under certain conditions it is possible to construct the 
required system.
Resists used in optical lithography can be designed somewhat 
more easily than those used with X-rays. With optical lithography, 
groups that stabilize or destabilize resists against RIE can be 
incorporated without jeopardizing the polymers sensitivity. The reason 
is that the radiation used for imaging, UV, causes changes in the 
polymer structure by different mechanisms than X-ray sensitive 
materials. RIE particles react with many positive main chain scission 
polymers that are sensitive to X-rays, examples being PMMA and poly( 
butene-1 sulfone), two X-ray resists that are not resistant to most RIE
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processes. Functionalizing resists to increase RJE resistance can, in 
some cases, also decrease the sensitive of resists toward X-rays. This is 
seen when we compare poly(2-chloroethylmethacrylate) to PMMA. 
Incorporating chlorine into polyaciylates increases the sensitivity of 
these polymers five fold, but also increases the susceptibility to RIE. 7
Sensitivity
From an economic standpoint, a resist that requires short exposure 
times to get the desired image is optimum. For X-rays this is especially 
critical because of the high cost of beam time. Current techniques for 
processing UV exposed chips are sufficient for use on the smaller 
feature dimensions afforded by X-rays. Production rate is, therefore, 
dependent on exposure time, i.e. the time required to project the image 
on the wafer. 3,4,17,18 The time required to expose a resists is dependent 
on the sensitivity of the resist. A resist must be sensitive, but not so 
sensitive that fine features are lost. This is to say one photon may unzip 
an entire polymer chain but the effect should not be transferred to 
neighboring chains. Degrading multiple polymer chains with one photon 
would extend the effect of exposure past the desired feature boundary.
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The sensitivity requirements for a viable resist stipulates energy 
densities <150 mJ/cm2. 11>17,18.
X-RAY RESISTS
One obvious choice for study are the solution inhibition or 
novolac resins presently used. As a positive UV resist, they have 
sufficient resolution and sensitivity for cuiTent needs, but as an X-ray 
resists, they show low sensitivities to synchrotron radiation, i.e., 200- 
700 mJ/cm2 and insufficient resolution. 19 Because of these limitations, a 
number of resists types are being studied as candidates for X-ray resists; 
i.e., negative, chemically amplified, and positive chain scission resists.
Negative Resists
There are currently a number of negative resists that are very susceptible 
to X-rays with sensitivities between 1 and 50 mJ/cm2. Poly (1,2-diene) 
and poly(glycidyl acrylate) form cross-linked domains by reacting 
functional groups with those of nearby chains. 12 One interesting class 
are the bis(aryl azide) photosensitive cross-linking agents mixed with 
unsaturated polymers, equation 1.2. Upon irradiation, the azide forms a 
bis(nitrene) intermediate upon loss of nitrogen, this then reacts with the
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double bonds of the polymers to cross-link them forming an insoluble 
matrix. 20 Negative resists have experienced swelling problems during 
development and over sensitivity. As a result they are limited in feature 
size, >0.5pm,4 and are not thought to be candidates as future resists.11
Chemically Amplified Resists
Chemical amplification generally refers to positive resists that 
contain small molecules that degrade when exposed to radiation. The 
resultant species then react with the polymer in such a way as to render 
the exposed area soluble. Chemically amplified resists have shown 
promise as being able to fill the criteria needed; they are resistant to RIE 
and show improved resolution over novolac based resins when use as X- 
ray resist. There are two classes of chemically amplified resists. The 
first are those containing photoactive onium salt that react with 
protecting side groups, thus changing the solubility characteristics. The 
second are photoactive salts coupled with polycarbonates. The salt 
degrades and produce species that react with the main chain degrading it 
to low molecular weight species, development is then by selective 
dissolution of the lower molecular weight fragments.
24
X-rays
Equation 1,2. Bis(aryl azide) cross-linking 
reaction with unsaturated polymers.
These resists contain an X-ray sensitive chemical, an onium salt, 
e.g. ($AsF6), that produces an acid after exposure. 21 The 
photogenerated acid attacks side groups on the polymer resist producing 
a change in solubility, 4 equation 1.3. In the example shown, irradiation 
of the polymer with small amounts of the onium salt liberates an acidic 
species that, upon subsequent baking, catalyzes cleavage of the t-boc 
protecting group. With the protecting group, the polymer is insoluble in
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V  (generation of acid)
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Equation 1.3. Deprotecting reaction using 
photoactive onium salts.
An area we initially studied was chemical amplification to 
degrade polycarbonates in the radiation exposed area. Linear tertiary 
polycarbonates have been known to undergo acid catalyzed thermolysis 
when mixed with similar photoactive salts. The degraded areas show
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selective dissolution over the non-exposed regions and can be developed 
with the appropriate solvent. One advantage of this system is their 
ability to self develop. This occurs at elevated temperatures where the 
degraded fragments volatilize , thus, eliminating the need for developing 
solutions. 4
Chemically amplified resists have shown high sensitivities from 5- 
100 mJ/cm2 21 and have high Tg’s. However, studies have shown that 
impurities, 23i24>25 low shelf live, 23 time dependence between exposure 
and development, 26>27'28 and side reactions 23,26 severely degrade their 
performance as X-ray resists.
POSITIVE X-RAY RESISTS
The current benchmark forjudging the feasibility of a positive X- 
ray resist is PMMA. It exhibits of good film forming properties, high 
shelf life, and allows fine feature development but it lacks the sensitivity 
and resistance to RIE needed for future resists. The sensitivity of 
PMMA is 1000-2000 mJ/cm2; thus exposure times of several minutes 
are required using most common X-ray sources, including synchrotrons. 
PMMA has been described as having the best resolution of any resists
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devised and many attempts have been made to increase its sensitivity. 
4,12 Incorporation of fluorine and copolymerizations with acrylonitriles 
have helped increase the sensitivities up to 4 fold; however, this still 
falls short of acceptable sensitivity and resolution also suffers, i.e., only 
images with features > 0.3pm can be produced.4,12
A solution to these problems must take into account the problems 
experienced by each of the systems presented to this point. It is obvious 
that there are problems with resistance to RIE and low sensitivity with 
main chain scission polymers, but those polymers sensitive enough, i.e. 
chemically amplified and negative resists don’t exhibit the required 
resolution or shelf life. What is needed are polymers with acceptable 
sensitivity and the necessary groups to protect it against RIE while still 
affording high Tg. good film formation, and long shelf life. Polymers 
which meet a number of these criteria are copolysulfones made from 1- 
olefin monomers.
Polysulfones
Polysulfones, based on the polymerization of vinyl groups with 
sulfur dioxide, were first synthesized in the 1930’s. 29,30 Most of the
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species produced were insoluble. It was not until -1970 that some of 
the more soluble species of this class of polymer were studied for their 
use as e-beam resists by Bowden, et al., at Bell Lab.31 These polymers 
were discovered to have high rates of main chain bond breakage per 
photon of radiation absorbed. Initial bond scission occurs at the 
relatively weak sulfur carbon linkage. The mechanism for bond 
cleavage is presented in equation 1.4 for radiation of poly(butene-l 
sulfone). The sensitivity of the polymer is attributed to its high G value, 
i.e. the number of bonds ultimately broken per photon. The high G 
values of polysulfones is attributed to the low ceiling temperatures for 
polymerization of these polymers. The ceiling temperature, Tc, is 
described as that temperature for which the rate of monomer addition is 
equal to the rate of depolymerization. Above the Tc the depropagation 
reaction will dominate and the polymer will degrade by unzipping. 32 33 
The ceiling temperatures of olefinic polysulfones are typically below 
room temperature. 34,35 Thus, most polysulfones are inherently unstable 
around room temperature. When a kinetic pathway is presented, such as 
chain scission from some radiation source, polysulfones degrade.
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Polysulfones have high G values because exposures are done at room 
temperature, and since they are thermodynamically unstable at these 
temperatures, one scission will depolymerize, or unzip, the chain.
Equation 1.4. Mechanism for bond cleavage in polysulfones.
High G values are desirable for main chain scission polymers and 
related to the dose by equation 1.5. In this q is electron charge; p,
density; z, film thickness; E, energy of radiation adsorbed by the film; N, 
Avogadro’s number; Mo, molecular weight of each monomer unit; and 
Ps, bond fracture density. Ps is the point were a developer distinguishes
if
30
and selectively solvates polymers of differing molecular weights, i.e. 
irradiated vs. uniiradiated.31 Between different resists, Ps and Mo are of
the same magnitude. For X-ray resists, Q has been stipulated to be 
below 150 mJ/cm2. Polymers with high G values are thus needed to 
attain these dosages. For relatively low sensitive polymers such as 
PMMA, G values are little more than one, in other words one bond is 
broken for every photon event. Polysulfones on the other hand have G 
values of >10 when exposed to e-beam radiation. As such these 
polymers to require doses ~ ten fold lower than that for PMMA. 
Polysulfones in fact have the highest G values of all resists in this class. 
6 Because of their high G values polysulfones have been studied as X- 
ray resists.
®  1 0 0 q p z N
q - _ s  2Z --------------
EGM0
Equation 1.5. Relation of dose to sensitivity.
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X-ray Resists
A direct correlation exists between resist sensitivity to e-beam 
and X-rays. Taylor has gone as far to say that all e-beam resists are X- 
ray resists. 12 The reason is that both sources ultimately results in the 
displacement of a valence electron in the respective resists producing a 
cationic intermediate. 6 It has been established by that polysulfones are 
indeed sensitive to X-rays. 12 PBS, the only polymer of this nature 
studied to date as an X-ray resist, has shown sensitivities of ~ 100 
mJ/cm2, ten fold less than that of PMMA. 12 This is below the 150 
mJ/cm2 criteria specified for practical resists. We prepared some of the 
more sensitive e-beam polysulfones and studied them as X-ray resists. 
The polysulfone copolymers, 1-butene-sulfone (PBS), l-cyclohexene- 
sulfone (PCS), and 2-methyl-l-pentene-suIfone (PMPS), figure 1.7, had 
the necessary sensitivities desired for X-ray resists, i.e., 25-100 mJ/cm2.
PBS PMPS PCS
Figure 1.7. Polysulfone electron beam resists.
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These polymers show good resolution characteristics. As e-beam and 
X-ray resists they show < 0.5pm resolution. 36 The main drawbacks of 
these resists are their low resistance to RIE and, as was later discovered, 
the Tg of these polymers ( ~ room temperature ) are low and not 
acceptable for retaining feature integrity at high aspect ratios. Our 
research has focused on increasing the Tg of this family of polymers 
while still maintaining resolution and sensitivity.
The Tg of a polymer can be raised by incorporating rigidity into 
the backbone. Attempts to raise the Tg by incorporating bulky side 
groups on polysulfones provided limited success. A second solution 
was to incorporate rigidity into the backbone of the chain itself. A few 
papers have been published describing the polymerization of 1,3 
conjugated dienes with sulfur dioxide. 37,38 These reactions were of 
interest because the dienes polymerized under conditions similar to 
those for the olefinic monomers. The reactions were described as 
propagating via a 1,4 mechanism, thereby incorporating a double bond 
into the main chain. As was later measured, this double bond increased 
the Tg of these polymers to >70°C, similar to that of the presently used
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novolac resins. 7 Interest in these materials as potential resists was low 
because it was reported that the solubility of these polymers was limited 
to very polar and high boiling solvents such as dimethyl sulfoxide and 
protanated acids. 39 As described earlier, solubility latitude is important 
for film formation and development, the solvents mentioned are not 
conducive to standard spin casting and development processes. The 
polymers described up to this point were made from 1,3-butadiene 
derivatives, with no more than a methyl substituient as a side group on 
these polymer. Improved solubility of these polymers was accomplished 
by incorporating longer or multiple alkyl side groups. A common 
solvent, with an acceptable boiling point, ~100°C, was also discovered 
that allowed dissolution of most of the polymers of this class. This 
facilitated comparative NMR and viscositiy experiments. Further, 
procedures for spin casting and developing exposed films could be 
defined. Novel polymers based on the polymerization of 1,3 dienes 
with sulfur dioxide have been prepared. These materials exhibit broad 
solubility, long shelf life, excellent film formation, high sensitivity to 
synchrotron radiation, and fine feature development when used as X-ray
34
resists. RIE experiments and compatibility to doping and epitaxial 
growth of metals remains to be studied. This dissertation reports our 
findings.
CHAPTER 2
CHEMICAL AMPLIFICATION OF ALIPHATIC 
POLYCARBONATES
INTRODUCTION
A key issue in the design of new X-ray resists systems is that 
concerning increased sensitivity. One approach is the introduction of 
photogenerating substances that catalyze a subsequent chemical events. 
For example, acid catalyzed deblocking a protecting group, equation 
1.4, is an amplification scheme where a single photon produces a single 
acid which in turn catalyzes the cleavage of several blocking groups. 40 
Photosensitive films composed of a functionalized polymer and a 
photoinitiator play a central role in numerous commercial applications 
ranging from the ultraviolet curing of coatings to the microimaging of 
semiconductor chips. 41,42 Typically, the photoinitiator is an organic or 
organometallic compound that, upon exposure to radiation, generates 
one or more species which alter the chemical composition of the 
polymer film. An interesting class of polymers used are polycarbonates. 
Under acidic conditions, polycarbonates are known to degrade. When
35
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used as a resist, polycarbonates can be chemically amplified with a 
photoacid generator which, upon exposure to radiation, degrades to an 
acid. The acid then cleaves the carbonate unit. Equation 2.1 describes 
the reaction of acid with a polycarbonate derived between 
cyclohexenediol and the chloroformate of bisphenol A. Aromatization 
of the cyclohexane ring releases photons to neutralize phenolic 






Equation 2.1. Acidolysis of co-polycarbonate.
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Amplification only works when the diol is properly designed: there are 
many combinations of photogenerators and activated resists that can be 
considered chemical amplifiers. Photoactive compounds, PAC, produce 
reactive species under e-beam or X-ray radiation; four examples of PAC 
are illustrated in table 2.1.
Table 2.1. Common Photoactive Compounds.
Name Structure Acid
Diazonium Salt CH-- bf3




Many drawbacks are associated with the use of these compounds for 
chemical amplification. Diazonium salts, which produce Lewis acids, 
are not thermally stable. Sulfonium salts are thermally stable but are 
ionic in nature and present formulation problems, i.e. polymer/PAC
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compatibility. The triazines produce halogen acids which are volatile 
and evolve from the matrix and nitrobenzyl esters are subject to facile 
hydrolysis. 6 To overcome many of these problems, new approaches to 
chemical amplification are needed.
In essentially all systems reported to date, the photogenerated 
species are acids. 43,44 During the past few years Kutal, et al, have 
demonstrated that a promising alternative strategy for initiating useful 
resist chemistry involves the photochemical production of base. 45,46,47 
Thin films of an epoxide-functionalized polymer containing a cobalt(m) 
am(m)ine complex such as [Co(NH3)6](BPh4)3 or [Co(en)3](BPh4)3
(en is ethylenediamine, BPh4- is tetraphenylborate) undergo 
photoinitiated crosslinking upon UV irradiation and subsequent heating. 
Pattemwise exposure and development in a solvent that dissolves the 
unirradiated areas results in negative-tone image formation with 1-2 
micron resolution. 48 The mechanism of this process involves the 
quantum efficient photoredox decomposition of the cobalt salt with Hie 
release of multiequivalents of Lewis base. This is demonstrated in 
equations 2.2 and 2.3.
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[Co(NH3)6](BPh4)3 — ► Co2+ + 6NH3 + BPh3 + Ph* + 2 BPI14' 
Equation 2.2. Cobalt hexamine complex.
h v  2+ t
[Co(en)3](BPh4 ) 3 ----- ► Co + 3en + BPh3 + Ph +2 BPlLf
Equation 2.3. Cobalt ethylene diamine complex.
In a thermally activated step, the base crosslinks the polymer via 
nucleophilic attack on the epoxide rings of neighboring chains, 48 
equation 2.4. Other sources of photogenerated base, such as 
photosensitive carbamates, have been reported to yield analogous 
behavior. 49,50
The photochemical properties of polycarbonates containing 
cobalt(III) am(m)ine complexes was investigated. Polycarbonates are 
known to undergo nucleophilic attack at the carbonyl linkage, 51 










RNH 2 ------ ►  EN
J t
Equation 2.4. Crosslinking of epoxide via nucleophilic attack.
In an effort to understand the processing techniques of these 
resists, preliminary experiments were performed using UV light as the 
exposing radiation. The results showed positive tones after exposure.
In some cases self development was obtained at elevated temperatures 
analogous to that seen by Frechet, et al, with onium chemically 
amplified polycarbonate systems. 4 It was also determined that the 
performance of the resist was dependent on the presence of oxygen. 
Experiments were performed in which exposures were carried out under 
different carrier gases, i.e. helium, nitrogen, carbon dioxide, air, and 
oxygen. The experiment was also performed under vacuum. No 
detectable degradation of the polycarbonate resist occurred except in
41
those systems in which oxygen was present. Consequently, these 
polymers are not useful as X-ray resists because synchrotron exposures 
are performed in evacuated chambers. The viability of these chemically 
amplified polycarbonates lies in their capacity to behave as UV resists. 
Attention was focused on the ability of these polymers to perform in this 
manner.
Chemically amplified polycarbonates studied as UY resists 
require some special considerations. Aromatic polycarbonates, such as 
those derived from bisphenol A, possess desirable physical properties, 
i.e. high Tg, but absorb too strongly below 280 nm to be of practical 
interest for UV applications using cobalt amine complexes, CAC. 
Efficient decomposition of CAC’s occurs below 260 nm, absorption 
maximum at 235 nm. After degradation, absorption decreases by 700%. 
47 Accordingly, we focused our attention to aliphatic polycarbonates 
which are optically transparent down to 2 2 0  nm. Li the past, the low 
molecular weights and poor thermal properties of this latter family of 
polymers have limited their practical use. However, recent work by 
Kricheldorf et al. has shown that polymers with molecular weights
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exceeding 1 0  can be synthesized by ionic ring opening polymerization 
of cyclic aliphatic polycarbonates with boron trihalide initiators, 52 
Despite their high molecular weights, the glass transition temperatures 
(Tg). We have demonstrated that the incorporation of cyclic groups into 
the polymer backbone, via condensation polymerization, equation 2.5, in 
place of the more flexible methylene units yields stiffer chains and 
correspondingly higher Tg values.
O -C -O -C l Hi OHci-o-c-
A
-HC1
Equation 2.5 Condensation polymerization of aliphatic polycarbonates.
Polycarbonates prepared by the synthesis of the 
bis(chloroformate) of tetramethylcyclobutane and diols are described in 
equation 2.6, properties and the R group are listed in table 2.2.
O —C— o — R,
m
Equation 2.6. General structure of aliphatic polycarbonates.









1:1 24 0.14 3.3 1.484
r 2 1:1 80 0.21 1.6 1.487
r 3 1:1 54 0.34 3.9 1.498
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1:1 57 0.33 3.6 N/A
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To demonstrate the rigidity by incorporating cyclic structures into 
the backbone of aliphatic polycarbonates thermal characterization 
studies were performed. In addition the photochemical response of two
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of the aliphatic polycarbonates containing cobalt(III) am(m)ine 
complexes were examined. The polycarbonates selected for study are 
the 1:1 copolymer of 4,8-bis(hydroxymethyl)-tricyclo[5.2.10.2,6]decane 
(BID) and 2,2,4,4-tetramethyl-1,3-cyclobutanediol (TMCBD), R3, and 
the 9:1 copolymer of 1,4-cyclohexanediol (CHD) and TMCBD, Rsa. 
These polymers were chosen for their excellent film forming properties.
Both copolymers can be imaged with ultraviolet light in the 
presence of [Co(NH3 )6 ](BPh4 ) 3  or [Co(en)3 ](BPh4 )3 . The tone 
imparted in the polymer matrix is attributed to the reaction of the 
photogenerated base. Subsequent studies were performed that ruled out 
the possibility of the cobalt cation or phenyl radicals, also produced by 
cobalt amine complexes breakdown, equations 2.2 and 2.3, as the 
activating substance in this resist. Other studies state the possibility that 
these cationic or free radical species may initiate chemistry in a suitable 
designed system. 47 Quite interestingly either a positive tone or negative 
tone is imparted on the resist depending upon the combination of 





ejco,aro-Tricyclo-[2.2.L02,6]heptane-3,5-diol was prepared by a 
method previously described. 53 4,8 Bis-(hydroxymethyl)-tricyclo- 
[5.2.10.2,6 ]decane, 1,4-cyclohexenediol, JV-butyl amine, anisole, and 
diphenyl carbonate were purchased from Aldrich Chemical Co. 2,2,4,4- 
Tetramethyl-l,3-cyclobutanediol was obtained from the Eastern 
Chemical Co.. Pressurized liquid phosgene was purchased from 
Matheson Gas Products. The cobalt complexes: [Co(NH3)6]Cl3 and 
[Co(en)3]Cl3*3 H2 0 , were obtained from Professor C. Kutal’s group at 
the University of Georgia. 46
Synthesis of the Bischloroformate of TMCBD 
A four neck, 500 ml glass reactor, equipped with nitrogen feed, 
mechanical stir bar, and Dewar condenser, containing a dry ice/acetone 
bath, was placed in an ice bath. Dichloromethane, 150 ml, containing 
48.7g of 2,2,4,4-tetramethyl-l,3-cyclobutanediol was added to the 
reactor and purged with nitrogen. Approximately lOOg of liquid 
phosgene was added in a single aliquot to the reactor vessel. Once the
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temperature dropped) below 10°C, the nitrogen inlet was replaced with 
pressure equalizing dropping funnel, A solution containing 100 ml of 
DCM and 58 ml of pyridine was then slowly dripped into the reaction 
mixture, which was not allowed to exceed 18°C. This was allowed to 
stir for 2 hours below 18°C, then slowly wanned to room temperature 
and stirred for 24 hours. Excess phosgene was purged from the vessel 
with nitrogen gas. The remaining solid was washed with 3000 ml of 
hexane to extract the chloroformate. The extracted product was then 
filtered. The volume of the washed supernatant was reduced to 300 ml 
by rotoevaporation. The mixture containing the product was then 
filtered and stored at 0°C for 24 hours. The crystals that formed were 
filtered from the solution and dried in a vacuum oven for 24 hours. The 
crystals were then refrigerated under a nitrogen blanket. The entire 
extraction process was repeated until the yield reached 68.7g (75%), 
melting point 48-60°C, proton NMR: 1.3,1.2, and 1.1 parts per million 
methyl; 4.4 and 4.6 parts per million methylene. Isomer distribution 
described 60% cis monomer, determined by NMR studies using 
deuterated chloroform as solvent.
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Synthesis of Polymers
Except for the chloroformate, all monomers were sublimed to 
remove impurities. Glassware was baked for 24 hours at 150°C to 
remove water. All polymers were prepared under similar conditions. 
The 1:1 copolymer of 1,4 cyclohexanediol and 2,2,4,4-tetramethyl-l,3- 
cyclobutane bischlorofomnate was made by the following 
polymerization: 1.05g of cyclohexane diol and 2.42 g, an equimolar 
amount, of the chloroformate, were placed in a 1 0 0  ml three neck flask 
with nitrogen feed, thermometer, condenser, and magnetic stir bar. 
Chlorobenzene, 30 ml reagent grade, was then placed in the reactor and 
the mixture heated to 130°C for five minutes to remove any water that 
might be present. The reaction was then cooled to 90°C and 1.50 g of 
pyridine, dissolved in 1 0  ml of chlorobenzene, was slowly added to the 
vessel by means of a drip funnel. The reaction was run for 24 hours at 
90°C and the polymer isolated by precipitation in 500 ml of methanol. 
The polymer was collected by filtration and dried under vacuum for 24 
hours, yield was 3.0 grams ( 56.6% ). Yields are listed in table 2.2.
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Measurements
Inherent viscosities were determined at 25°C using solutions of 
polymers (0.5g/dL) in THF with an Ubbelohde viscometer. Molecular 
weight determinations were performed with two Phenomix, lOpM, 300 
x 7.8 mm chromatography columns, fitted in series, with a Waters 590 
HPLC pump and Waters 410 differential refractometer. A calibration 
curve based on polystyrene standards was used to estimate the 
molecular weight. Polymer concentrations were 1% wt/wt with THF as 
the solvent and flow rates were set at 1 . 0  ml/min.
A Seiko DSC 220C differential scanning calorimeter was used to 
determine the Tg’s and Tm’s for the polymers. Tg’s reported were taken 
as the midpoint of the change in slope of the baseline, Tm5s at the peak 
of the baseline change. The degradation temperatures, Ta’s, taken as the 
midpoint of the change in slope of the baseline, were found by 
thermogravimetric analysis using a Seiko TG/DTA 220 thermobalance. 
Heating rates were 10°C and 5°C per minute for DSC and TG/DTA 
respectively. The proton NMR spectra were taken with a Bruker
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AC/WP200 FT NMR in 5-mm-o.d. sample tubes. CDCI3, with 1% v/v 
TMS as a shift reference, was used as the solvent. The percent cis of 
TMCBD for each polymer was determined by taking the ratio of the 4.4 
to 4.6 ppm peaks from the proton NMR spectra. 54
Preparation of Photosensitive Films
Individual solutions of a polycarbonate copolymer and cobalt(I3I) 
am(m)ine tetraphenylborate salt in tetrahydrofiiran (THF) were mixed to 
obtain a desired weight percentage of each component, typically 1 % 
cobalt salt, 5% polycarbonate, and 94% THF. The resulting solution 
was mixed vigorously on a Fisher Vortex machine for 5-10 minutes and 
then filtered through a 0.2 micron disk filter. Polymer films for UV-VIS 
spectral studies were prepared by spin coating solutions of pure 
polycarbonate or polycarbonate plus cobalt salt onto 1 -inch diameter 
quartz wafers at 1000 rpm for 30 seconds. The wafers were placed 
under a gentle stream of air for 5 minutes to remove solvent. A similar 
procedure was followed to deposit films onto sodium chloride plates for 
infrared spectral measurements. Photoimaging studies were performed
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on films that had been spin coated onto 1 -inch diameter silicon or quartz 
wafers at 2000 rpm for 40 seconds. They were then baked at 50°C for 3 
minutes to remove solvent.
Electronic absorption spectra were measured on a Varian DMS- 
300 spectrophotometer. FTIR spectra were obtained on a PE Series 
1600 spectrometer. Film thickness measurements were taken with an 
Alpha Step 200 profilometer from Tencor Instruments. Deep-UV 
irradiation of films was with an Optical Associates 150 illuminator 
containing a dichroic mirror system optimized at 240-280 nm spectral 
region. Photon flux was measured with an Optical Associates calibrated 
power meter. Broad band irradiation studies were performed using a 75 
W Philips Hg vapor lamp. Gas chromatography/mass spectrometry 
experiments were performed on a HP model 5971A mass spectrometer 
fitted with a DB5-ms column from J&W Scientific. He was the carrier 
gas, injection volume was 1 mL.
RESULTS AND DISCUSSION
Molecular weight, refractive index, thermal properties, and UV 
absorption spectra are discussed for these aliphatic polycarbonates. The
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performance of these polymers as positive and negative tone resists is 
analyzed. To understand the chemistry involved, infrared and mass spec 
studies was performed.
Molecular Weight
Table 2.2 describes the molecular weights obtained. Mw’s for 
linear acyclic aliphatic polycarbonates typical range from 500-5,000 
when polymerized by condensation methods. 55 Low molecular weight 
can be attributed to loss of stoichiometry due to the reactivity of the 
carbonate linkage. During the polymerization, the chloroformate group 
adds to the aliphatic diol, the carbonate linkage formed can eliminate 
with a /5-hydrogen to form a double bond. 55,56 Yields and molecular 
weights can be increased if an acyclic chloroformate monomer, such as 
that derived from TMBCD, with substituents at the ft position, is 
selected. The neopentyl-like structure decreases elimination effects. 54 
The Mw’s are higher than that expected for linear polycarbonates, Rsa, 




An interesting property of aliphatic polycarbonates is their 
relatively low refractive index. This helps to reduce the magnitude of 
stressed induced birefringence, SIB. Birefringent behavior is observed 
in anisotropic materials in which the speed of light is different when it 
passes through an object oriented in different directions. This is to say , 
the refractive index in different planes are not the same. For polymers, 
SIB can occur when a glassy material is injection molded, due to the 
chain orientation when the polymer melt flows into the mold. The 
problems associated with SIB are manifested with optical storage 
systems, i.e. compact discs, CD’s. SIB can cause anomalies in the way 
lasers write and read CD’s. BPA polycarbonates are used almost 
exclusively for CD manufacturing and are prepared by injection 
molding. These polymers must be annealed under very precise and 
energy consuming conditions to reduce SIB. SIB is related to refractive 
index and is proportional to the square of RI. Consequently, problems 
associated with SIB can be decreased as RI is decreased. RI can be 
decreased by reducing the number of polarizable groups, i.e. aromatic
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constituents, in the chain. Changing these groups alleviates differences 
in RI in different plains of the polymer. 54,55 Aliphatic polycarbonates are 
devoid of any aromatic character, their refractive indices are much lower 
than that of BPA. They range from 1.498 for the BTD-TMCBD 
copolymers down to 1.480 for the CHD/TMCBD copolymers, table 2.2. 
These are considerably lower when compared with the RI of BPA 
polycarbonate, 1.58. 54 A consequent decrease in SIB effects by these 
polycarbonates would be expected; thus, they may provide an alternative 
to BPA polycarbonates for use in optical disc molding. There appears to 
be little change in refractive index between the different ratios of CHD 
incorporated into the CHD/TMCBD copolymers. Because of crystalline 
effects, R2 and R4 did not afford transparent films for the collection of 
refractive indices.
Thermal Analysis
Besides low molecular weights, acyclic polycarbonates find little 
use in practical applications because of poor thermal properties. Typical 
linear aliphatic polycarbonates have considerably lower melting points 
than does bisphenol A polycarbonates, which are -  270°C. 55
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Polycarbonate derived from ethylene glycol has a melting point ~ 60°C, 
and the glass transition temperatures are also lower, i.e., ~ room 
temperature. 55 Incorporation of cyclic monomers leads to aliphatic 
polycarbonates with improved thermal properties. These results are 
discussed in table 2.3.


















R j * ^ 7 “ N/A 296 147 65
Rjb ii N/A 294 141 66
R j c ii N/A 298 128 67
Rjd ii N/A 292 139 43
The greater Tg, of the linear polycarbonates is the direct result of 
incorporation of cyclic monomers. A increase in Tg is noted when 2°
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diols are used as comonomers. A result of excluding flexible methylene 
groups from the main chain of the polymer backbone is an increase in Tg 





Figure 2.1. DSC of the copolymers BTD-TMBCD (1° diol), solid line, 
and 1:1 CHD-TMBCD ( 2° diol), dashed line.
Introduction of cyclic repeat units can raise the glass transition 
temperature by about 100°C. The cyclic unit must be incoiporated 
directly into the chain. Cyclic repeat units separated by methylene
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moieties show Tg’s lower than that of comparable polymers coupled 
directly to the rings, figure 2.1. The Tg of the TMCBD homopolymer, 
R4 , shows the highest glass transition temperature, 147°C; this is 
comparable to BPA polycarbonates, 140-150°C. 5S Unfortunately, 
because of the regularity of the repeat unit, there is a high degree of 
crystallinty as evidenced by a large melt transition at 185°C, table 3.3. 
Films appear opaque when cast or spun due to the formation of 
crystallites that scatter light. Copolymerization was used to minimize 
this effect; 1,4-cyclohexanediol was incorporated into the backbone of 
the polymer. The copolycarbonate series, Rsn , show glass transition 
temperatures near that of the homopolymer, although ciystallinity is 
broken up by the addition of cyclohexane diol into the polymer; no melt 
transition was noted, table 2.3. There is no detectable endothenn in the 
DSC scan at the temperature which R4 shows melting indicating that 
crystallization has been inhibited by incorporating comonoraers. A 
decrease in the glass transition temperature occurs as the ratio 
CHD:TMCBD increases, which is expected with the lower steric 
hindrance in the more flexible hexane ring, table 2.3. The 3:2 ratio has a
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lower glass transition temperature than the 1 :1 , but this behavior is 
expected due to the high cis content, 67 %, of the 3:2 copolymer, 53 The 
cis conformation introduces a kink in the polymer chain which raises the 
glass transition temperature.
Thermal decomposition of polycarbonates generally occurs by 
degradation reactions, as opposed to depolymerization. When heated in 
air or the presence of oxygen, thermal oxidation of side groups produces 
free radicals that react and lead to decomposition of the main chain 
molecules. 57 The aromatic polymers of this type, i.e., Bisphenol A 
polycarbonate, degrades at 400°C. Alternating aliphatic-aromatic 
copolymers show lower stability, 340-360°C.54 The decrease in stability 
is attributed to incorporation of aliphatic substituents. Aromatic groups 
are more stable toward free radical attack than non-aromatic groups, 
thus higher temperatures are needed to decompose them. This is further 
emphasized in pure aliphatic polycarbonates, table 2.3. Thermal 
stability is decreased with the loss of aromatic character. The 
temperature range for degradation is from 290-355°C. There is little 
relation between flexibility of these polymers to their respective Td’s.
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Thermal stability of low glass transition polymers, those with methylene 
substituents, Ri and R3 , is similar to the homopolymer, R5. All 
polymers show complete degradation, as shown in figure 2 .2 , showing 











250 300150 35050 100 200
Temp °C
Figure 2.2 Thermogravimetric trace of Rsa.
Spectroscopic Analysis
The UV-visible spectra of films cast from 5% wt/wt chloroform 
solutions of aromatic and aliphatic polycarbonates are shown in figure 
2.3. Aliphatic polycarbonates do not show significant absorption above
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230 nm, BPA polycarbonate shows high absorption, >0.7, at the 254 nm 
line for similar 1-2 pm films. Thus, deep etching of aliphatic 
polycarbonate films with radiation sources down to 230 nm should be 
possible. The cobalt amine complexes absorb strongly in the UV, the 
products from photodegradation do not.
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Silicon wafers coated with 0.5 micron films of BTD/TMCBD 
containing [Co(NH3 )6 ](BPh4 ) 3  were frontside exposed. UV light (8.60
60
raW/cm2 at 254 nm) was emitted through a mask onto the film surface 
for 1 minute at room temperature. Thereafter, the wafers were baked at 
118°C for 1 minute and developed by spin rinsing with a stream of 
anisole for 40 seconds. The irradiated areas of the films dissolved 
completely in the developer, whereas the unirradiated regions retained 
70-90% of their original thickness. To our knowledge, these results 
constitute the first report of positive-tone image formation caused by 
main chain scission promoted by reaction with photogenerated base. 58 
Positive images also formed upon irradiation and development of 
BTD/TMCBD films containing [Co(en)3 ](BPh4 )3 , but image quality 
was very poor.
Under otherwise identical conditions, post-irradiation baking of 
the BTD/TMCBD-[Co(NH3)6](BPh4)3 films at 150°C for 3 minutes 
directly yielded positive-tone images without solvent development, 
termed vapor development. Step heights up to 70% of the original film 
thickness were obtained, although some residual material remained in 
the exposed areas. Improved image quality in this vapor development 
process was achieved by exposing films to 15 minutes of unfiltered
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radiation at 50-60°C. These conditions resulted in complete removal of 
the irradiated areas of the film with retention of unirradiated polymer 
and yielded feature sizes down to 2 0  microns, the resolution of our 
mask, figure 2.4. Positive-tone images result from the photoinitiated 
degradation of the polycarbonate to low molecular weight materials. 
The proposed mechanism, represented in equation 2.7, involves the 
photochemical release of ammonia gas, equation 2 .2 , and subsequent 
thermally-activated nucleophilic cleavage at the carbonyl linkage to 
produce carbamate and hydroxy end groups.
-OH + NH2— C—
Equation 2.7. Nucleophilic attack at carbonate link.
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Figure 2,4 Positive image formation by vapor development in 
CHD/TMCBD polycarbonate films using cobalt amine complexes. Top 
section of photograph is that of the chrome mask used for imaging. 
Bottom section of the imaged resist itself.
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Further reactions yield low molecular weight components such as diols, 
bis(carbamates), or hydroxy-carbamate difunctional moieties. Vapor 
development at elevated temperatures occurs via sublimation of these 
components. Similar results were achieved by Frechet, et al., when 
photoactive sulfonium salts were used for chemical amplification. Upon 
post radiation baking at elevated temperatures a positive image was 
produced. They report carbon dioxide, alcohols, and alkenes as the 
volatile products. No information on image resolution was discussed. 4
Degradation by ammonia was demonstrated by viscositiy studies. 
A THF solution of 9:1 CHD/TMCBD was treated with ammonia at 
room temperature for 24 hours in a pressurized bomb. The specific 
viscosity of the solution dropped from 2.54 before the reaction to 0.78 
after, consistent with the occurrence of main-chain scission.
Negative-tone image formation
Half-micron films of CHD/TMCBD containing [Co(en)3 ](BPh4 ) 3  
were coated onto wafers. They were backside exposed to UV radiation 
(8.60 mW/cm2 at 254 nm) through a mask for 1 minute. Following post-
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irradiation baking at 50°C for 5 minutes, the films were developed by 
spin rinsing with a stream of 1:4 2-butanone/2-propanol for 1 minute. 
The unexposed regions dissolved to yield negative-tone images retaining 
85% of the original film thickness. Under similar conditions, 
CHD/TMCBD containing [Co(NH3)6](BPh4)3 produced negative-tone 
images of very poor quality. We attribute the negative-tone response of 
films containing [Co(en)3 ](BPh4 ) 3  to the reactions of photogenerated 
ethylenediamine. This base serves as a multifunctional crosslinking 
agent by forming carbamate linkages between polymers, eq. 2 .8 .
oII
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Equation 2.8. Cross-linking of a polycarbonate with ethylenediamine.
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Crosslinking increases the average molecular weight of the 
polymer and thereby decreases its solubility. Subsequent rinsing of the 
film with the developer solution preferentially dissolves the unexposed 
areas to yield negative-tone images.
IR experiments were performed to gain understanding of the 
cross-linking chemistry. Films of pure BTD/TMCBD were heated at 
50°C for 2 minutes, irradiated with UV light for 2 minutes, and then 
heated at 150°C for 5 minutes. Comparison of the infrared spectra of 
the film before and after this treatment revealed no significant 
differences. No tone was imparted onto these films. This finding 
indicates that the polycarbonates are thermally and photochemically 
stable under the conditions employed in the imaging studies.
In contrast, irradiating a CHD/TMCBD film containing 
[Co(en)3](BPh4)3 with UV light for 2 minutes causes the intense 
carbonyl stretching band of the polycarbonate to shift from 1742 to 1737 
cm"1. Both the direction and magnitude of the shift are consistent with 
the formation of carbamates 59 via nucleophilic attack of photogenerated 
ethylenediamine on the carbonyl groups of the polymer, equation 2.S.
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Direct evidence for this reaction was obtained from studies of films spun 
from THF solutions of CHD/TMCBD and ethylenediamine. Heating 
such a film at 50°C for 5 minutes caused the carbonyl band to shift to
1737 cm"*. Similar behavior occurred for a film spun from a solution 
that had stood for 24 hours at room temperature; moreover, a portion of 
the solution gelled during this time period as would be expected for a 
polymer undergoing crosslink formation.
The role of photochemically generated Co2+ was also 
investigated. A solution of cobalt(II) nitrate and both polycarbonates 
(W cobait(ii) nitrate/ /̂polycarbonate* 15%) in THF were set at 25 C for 48 hours 
and then spun on the NaCl plates, or directly spun onto NaCl plates and 
heated at 50°C for 10 minutes, no infrared spectral changes were 
observed nor did the solutions gel. These investigations rule out the 
possibility that Co2+ causes crosslinking.
According to equation 2.8, ethylenediamine behaves as a 
tetrafunctional crosslinking agent in its reactions with a polycarbonate. 
By analogy, a model system composed of n-butylamine and diphenyl 
carbonate should react to form A^butyl-N-phenoxycarbonyl-O-phenyl
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carbamate, a phenyl dicarbamate, according to equation 2.9. To test this 
premise, we allowed the two compounds to react in THF at 25°C for 24 
hours. Analysis of the products by GC/MS revealed two major peaks 
with retention times of 5.2 and 10.0 minutes. The first peak exhibited a 
mass spectral splitting pattern typical of a phenol with a parent ion at 
m/z = 94. The second peak yielded ions at m/z = 313 and 192, which 
can be assigned, respectively, as the dicarbamate and a fragmentation 
product resulting from the loss of a phenyl carbonate moiety. These 
results support the mechanism of crosslink formation.
Equation 2.9. Reaction of primaiy amine with diphenyl carbonate to
CONCLUSIONS
The polycondensation reaction of the bischloroformate of 
TMCBD with methine and methylene substituted diols produced various 




depending on the attachment of the carbonate unit. Incorporation of 
rigid structures, i.e. 2° diols, R2, R»> and .Rsn, showed Tg’s 70-120°C 
higher than those with more flexible methylene units in the polymer 
chain, Ri and R3. Moreover, the Tg of the homopolymer, R4, was 
similar to that of the aromatic polycarbonates. The propensity of the 
TMCBD homopolymer to crystallize was controlled by addition of CHD 
into the polymer with little loss in Tg. However, a decrease in thermal 
stability was observed, due to a loss in crystallinity. Molecular weights 
varied depending on the reactivity of the diol, but high molecular 
weights, over 100,000, for 1:1 CHD/TMCBD were obtained. These 
polymers, as a result of having solely aliphatic carbons, absorb little UV 
radiation; substantial absorption is not seen above 230 nm. Decreased 
refractive indices compared to aromatic polycarbonates were noted 
because of the lack of polarizable groups in the polymer backbone. 
BPA polycarbonates has a refractive index of 1.58, 54 the aliphatic 
polycarbonates described here are below 1.50.
The aliphatic polycarbonates BTD/TMCBD and CHD/TMCBD, 
when coupled with photodegradative base generating salts, can be
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degraded or crosslinked to form positive or negative resists. The use of 
the cobalt hexamine complex, [Co(en)3](BPh4)3 , has been shown to 
crosslink polycarbonates by forming tetrafunctional carbamate units 
between adjacent chains. This mechanism was confirmed by model 
studies reacting JV-butyl amine and diphenyl carbonate in which the 
phenyl dicarbamate was detected by GC-MS. FTIR studies in which 
ethylenediamine was mixed with the polycarbonates produced a shift in 
the carbonyl stretch. Continuation of the reaction lead to gelation of the 
solution. The bis functionality of ethylenediamine also allows it to form 
carbamate linkages at its two ends similarly. While not effectively 
increasing the molecular weight, it does immobilize the molecule so that 
consequent attacks can take place, thus crosslinking the polymer. The 
mechanism of attack seems similar for the cobalt hexaamine complex, 
[Co(NH3)6](BPh4)3), equation. 2.1, although the use of this salt results 
in a positive tone resist. In this reaction ammonia behaves as a 
monofunctional reagent. The monofimctional ammonia, after reacting, is 
attached to a low molecular weight fraction; the polymer is therefore 
degraded.
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Aliphatic polycarbonates of the type investigated in this study 
possess a number of attractive properties including high molecular 
weight, low refractive index, high ultraviolet transparency, and good 
thermal behavior. Combining these polymers with base-generating 
photoinitiators has yielded an interesting new class of materials that 
deserves further study. These results demonstrate the use of aliphatic 
polycarbonates as photoresists.
CHAPTER 3
THERMAL CHARACTERIZATION OF ALIPHATIC POLY- 
SULFONES AND THE DEGRADATION OF POLY (2-METHYL-
1-PENTENE SULFONE) UTILIZING SYNCHROTRON
RADIATION
INTRODUCTION
Reiterating the criteria for proper X-ray resist performance, we 
stated that they should possess good film formation and development, 
chemical stability, fine feature imaging, and compatibility to reactive ion 
etching, RIE. Because of the limitations of negative and chemically 
amplified resists, i.e. low resolution and shelf live, our focus turned to 
the development of main chain scission resists. The most studied of this 
type are the polyacrylates, in particular poly (methyl methacrylate), 
PMMA. PMMA exhibits many of the critical properties needed for X- 
ray applications; good film formation, ease of development, high 
resolution, and stability, i.e. high shelf life. PMMA suffers in its low 
sensitivity to X-rays and, to a lesser extent, low resistance to RIE. 7 
Many attempts to increase the sensitivity of PMMA have been made. 
Incorporation of high atomic weight atoms, such as chlorine, to increase 
the adsorption of X-rays by the resist, have increased the sensitivity by
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four fold. 7 Regrettably, RIE resistance and resolution have suffered. To 
date no viable polyaciylate systems have proved sufficient for these 
applications. 4,6,40 There is still a need for a sensitive, high resolution 
resist.
A study of the effects of X-rays on carbon-sulfone bonds revealed 
that alternating copolymers of olefins and sulfur dioxide are positive 
electron beam resists. Degradation occurs upon exposure to radiation 
fluxes on the order of 1CT6 C/cm2. 31,36
The sensitivity of these polysulfones is 10-20 times greater than 
that of PMMA under similar e-beam applications. Degradation occurs 
by rapid chain scission of the C-S bond followed by depropagation 
along the chain backbone.6,60 The sensitivity of these polymers is due to 
their low ceiling temperatures Tc. The Tc refers to the temperature at 
which the forward and reverse reactions for polymerization are at 
equilibrium. It is thermodynamically impossible to carry out the 
polymerization above this temperature. 32,33 Tc’s are generally <65°C for 
polysulfones, with many Tc’s occurring well below room temperature for 
some polymers. 61 Above these temperatures, polysulfones want to
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unzip.62,63,64 If a suitable pathway exists, such as scission by radiation, 
the polymer will spontaneously degrade. The low ceiling temperatures 
of these polymers increases the G scission values, bonds broken per 
photon absorbed, to 10-12 times over that of PMMA, G~l. Resists of 
this type are among the most sensitive explored. 65,66
As previously discussed, systems that are e-beam sensitive tend to 
be X-ray sensitive. 67,68 PBS was determined to have a sensitivity of 
100 mj/cm2 to soft X-rays, 12 although no data on their resolution has 
been reported.
The ability of polysulfones to unzip after exposure enables them 
to degrade to low molecular weight fragments. Under certain conditions 
these fragments can evolve as gaseous products. This allows them to 
develop without the use of solvents after irradiation, termed vapor 
development. 60 This process is accelerated if irradiation is performed at 
elevated temperatures, i.e. > than Tc. The reason, thermodynamically 
speaking, is depropagation occurs more rapidly at higher temperatures. 
The resulting low molecular weight fractions also evolve to gas more 
easily at elevated temperatures. For electron beam exposures, this
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phenomenon requires exposure doses, >10‘4 C/cm2. The advantage is 
the omission of one step, solvent development, the selective dissolution 
of the exposed area in the development sequence. By deleting this step 
we decrease possible contamination of the exposed wafer by the 
developing solvent. The disadvantage is decreased resolution, >0.5pM, 
due to undercutting of the resists by scattered radiation because of the 
higher fluxes needed to effect this of behavior.35
Important criteria for formulating a new resist include the 
establishment of techniques and procedures for application and 
development of the resist, as well as inspection and characterization of 
the exposed image. Experiments were performed to determine the 
resolution and sensitivity for some of the common e-beam polysulfones 
as X-ray resists and to develope general microlithographic techniques 
using synchrotron radiation, i.e. spinning techniques, mask alignment, 
beam characteristics, etc.
Synthesis of Polysulfones
The polymerization of SO2 with alkenes has been known for some 
time. 69 Synthesis consists of reacting a vinyl monomer with sulfur
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dioxide in the presence of a radical initiator such as /-butyl 
hydroperoxide. The reaction is done in a diyice/acetone bath under 
anhydrous conditions, equation 3.1.
Equation 3.1. Synthesis of copoiysulfones
Initiation of this addition polymerization occurs through a redox
occurs through a radical intermediate. The nature of the Rn groups on the 
olefin is critical for polymerization. Generally, Ri must be a hydrogen if 
R2 and R3 are alkyl groups. Otherwise, Ri can be an alkyl group if R2 or 
R3 is a hydrogen. Problems associated with ciystallinity and steric 
hindrance arise if these criteria are not kept resulting in decreased 
solubility and low molecular weight. 61 Aromatic substituents tend to 
give random copolymers. 71 Electron withdrawing groups placed at any 
of the R positions also results in low molecular weight polymers. The
reaction between the hydroperoxide and sulfur dioxide. 70 Propagation
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transition intermediate during propagation is a charge transfer complex 
in which there is a strong partial positive radical as the propagating 
species. 72,73,74 The strong electron-donating alkenes and strong 
electron-accepting sulfur dioxide comonomers lead to alternating 
copolymers. Electron withdrawing side groups, such as carbonyls or 
halogens, tend to destabilize these intermediates and do not form high 
molecular weight polymers. 61,70 Aromatic side groups can act as either 
electron accepting or withdrawing groups to give random copolymers. 71 
Again, polymerization must also be done at reduced temperatures 
because of the low ceiling temperatures (Tc) of these polymers.
Spectral characterizations of polysulfones by NMR, 39'75'76 
confirm the alternating nature of these copolymers. The ceiling 
temperatures for polymerization of each olefin with SO2 have been 
reported. 64 61 Data on the glass transitions of this family of polymers 
are scarce and disputable. Bowden, et al., have reported the Tg of 
poly(butene-l sulfone) >80°C by DSC 77 whereas Ito, et at., 78 have 
placed Tg of methallyl ether-sulfone copolymers below room 
temperature. To provide comparative data for the diene-sulfone studies
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( chapter 4 ), NMR, IR and thermal investigations were completed on 
aliphatic polysulfones incorporating the olefins of 1-butene, 2-methyl 
pentene, cyclohexene, and norbornylene. The following polymers were 
produced; poly (butene-1 sulfone), PBS; poly (2-methyl pentene-1 
sulfone, PMPS; poly (cyclohexene sulfone), PCS; and poly( norbomene 
sulfone), PNS; the structures of the copolysulfones are shown in 
equation 3.2.
PBS PMPS PCS PNS
Equation 3.2. Structure of copolysulfones.
EXPERIMENTAL
Reagents
2-Methyl-1-pentene, cyclohexene, norbomene, sulfur dioxide, 
methanol, tetrahydrofuran, chloroform, and f-butyl hydroperoxide were 
purchased from Aldrich Chemical Co. PBS was obtained from the
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Mead Chemical Co. DB-10 commercial developer was supplied by 
OCG Inc.
Synthesis of Polymers
Glassware was baked for 24 hrs at 150°C. Olefins and sulfur 
dioxide were used as received. A typical copolymerization between SO2 
and 2-methyl-l-pentene was conducted as follows: a 100 mL reactor, 
equipped with magnetic stirring bar, was charged with 10.0 ml of 2- 
methyl-1 -pentene, fitted with a stopper, and purged under dry argon for 
30 minutes. The apparatus was placed in a dry ice/acetone bath and 
purged for an additional 15 minutes. After the apparatus cooled to - 
78°C, 10.0 ml of liquid S02, in molar excess, was added to the reactor 
and mixed until homogeneous. The initiator, fcrt-butyl hydroperoxide, 
0.01 mL, was added. The reaction began to gel immediately, at which 
point the mixture was allowed to warm to room temperature. The gel 
was dissolved in 50 mL of chloroform and precipitated into 500 mL 
methanol. The precipitate was washed with copious amounts of 
methanol, filtered, and dried under vacuum for 48 hrs; 1.7 grams of 
dried polymer, 14.2% yield was obtained.
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The weights of olefins employed and percent conversion to their 
respective copolymers are reported in table 3.1. Yields are typically low 
due to rapid gelatin which trapped unreacted monomer. 79,70 All 
polymers reported are soluble in xylene, THF, acetone, and chloroform, 
(PNS is not soluble in THF).











2-Methyl-l -pentene 5.8 PMPS 1.7 14
Cyclohexene 1.6 PCS 2.0 69
Norbomylene 6.5 PNS 2.1 19
Measurements
Inherent viscosities were determined at 25°C for solutions of 
polymers (0.5g/dL) in chloroform using an Ubbelohde viscometer.
A Seiko DSC 220C differential scanning calorimeter and a Seiko 
DMS 200 tensile modulator were used to determine the glass transition 
temperature. Tg’s reported from DSC were taken as the midpoint of the
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change in slope of the baseline, heating rate was 10°C per minute. Tg’s 
from DMS were taken as the maximum of tan 5 at 1 Hz. The 
degradation temperature, Td, taken as the midpoint of the change in 
slope(s) of the baseline, was found by thermogravimetric analysis using 
a Seiko TG/DTA 220 thermobalance. Transitions from DTA traces 
were obtained in a similar manner. The heating rate was 5°C per 
minute.
The proton NMR spectra were taken with Bruker AC/WP200 
NMR in 5-mm-o.d. sample tubes. Deuterated chloroform, with 1% v/v 
TMS as a shift reference, was used as the solvent.
Infrared absorption spectra were recorded with a Perkin Elmer 
1760X spectrophotometer. Samples were prepared by pulverizing the 
polymer with dry KBr salt and pressed into a film. Spectra were taken 
from 500 to 3500 cm*1 at a 5 cm'Vsec scan rate, 4 cm'Vsec resolution.
Refractive indices were measured by casting a film of the sample 
from chloroform onto the observation base of a Bausch and Lomb Abbe’ 
refractometer. Films were dried by flowing warm air from a hot air 
dryer over the film for 15 minutes. Measurements were taken every 12
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hours until three consecutive identical readings were obtained. The final 
reading is reported.
Exposure
Films were prepared by spinning a 10% w/w solution of polymer 
in xylene onto a silicon wafer. All polysulfones cast from xylene give 
adequate films after spin coating at 3500 rpm for 30 seconds. It was 
noticed that a gradual acceleration of the spinner was detrimental to the 
quality of the film and that a fast acceleration, <1 second, to the desired 
RPM, gave the best results. Films spun from THF gave a cloudy 
appearance. The wafers were then baked at 65°C under nitrogen gas for 
fifteen minutes to remove solvent. Film thickness was determined with a 
Nanometrics Model 210 Nanospec/AFT; measurements were based 
upon the refractive index of the polymer. Solvent loss during baking 
resulted in -5% decrease in film thickness. Samples were exposed on 
the XRLC1 beamline at the Center for Advanced Microstructures and 
Devices (CAMD) at Louisiana State University, Baton Rouge, La. The 
XRLC1 beamline is comprised of a confining copper aperture and a 
series of mirrors and filters that selects the desired wavelength. The
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aperture was positioned at the beamline interface to the synchrotron. 
The beam was projected onto a 25pm thick Be window which acted as a 
final aperture before entering the exposure chamber. The Be window 
confined the beam exposure area to 50 x 10 mm and served as a filter 
excluding stray light. Mirrors below the low-pass filter had a grazing 
incidence angle below 1.5°. This allowed soft X-rays, A 8-10A, into the
chamber. The reaction chamber pressure was reduced to 10'5 torr using 
mechanical and turbo vacuum pumps. Pressure was measured with an 
ion gauge. Wafer samples were placed in the exposure chamber 
perpendicular to the beam and scanned at room temperature. Gold 
mesh, which forms a grid-like image, or an X-ray test mask was used for 
resolution studies. Solvent development was effected by rinsing with 
DB-10 for two minutes then rinsing with isopropanol to stop 
development. The wafers were then rinsed with deionized water, dried 
with compressed air, and placed in an oven at 50°C for 30 minutes to 




Polymer characterization includes NMR, infrared, molecular 
weight, and refractive index data. Thermal analysis determined the glass 
transitions and decomposition transitions temperatures. Exposure results 
from solvent and solventless development are also reported.
The results of copolymer analyses are summarized in table 3.2. 
The NMR peak positions are consistent with those reported for PCS and 
PNS. 39 From table 3.3 the shifting of methine groups (a), 3.3-4.1 
adjacent to SO2 are located further downfield than similar branched 
alkanes, ~1.2 ppm. 80 This is due to the proximity to the electron 
withdrawing sulfone group. PBS and PMPS show similar shifts for 
methine and methylene groups in the polymer backbone positions. 
Methylene groups attached to the backbone are also deshielded by the 
sulfone group.
The LR. analysis for PMPS is identical to that reported by 
Bowden, 65 with S02 stretches at 1303 and 1127 cm*1. PBS exhibits 
sulfone absorptions near that of PMPS at 1307 and 1128 cm*1 . PCS 
and PNS show similar asymmetric stretching to their non-cyclic
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counterparts although there seems to be an increase in energy of the 
symmetric stretch from -1127 to -1136 cm*1. This is invariably due to 
an increase in ring strain. This is analogous to cycloalkane systems in 
which C-H stretching increase in frequency over acyclic molecules. 80
GPC analysis of PBS, PMPS, and PCS show peak molecular 
weights above lxl06 molecular weight based upon polystyrene 
standards. The PNS is not soluble in THF, so GPC was not performed. 
However; high molecular weight copolymer would be expected based 
upon the viscosity of the sample. Refractive indices , RI, for all 
polymers are similar falling between 1.51 and 1.54. Refractive indices 
are high for this class of polymer compared to other non-aromatic 
systems; poly (methyl methacrylate) refractive index is 1.49. High 
refractive indices for these copolymers is attributed to the high 
polarizability of the sulfone unit. 81
Glass Transition of Polysulfones
The Tg observed for these polysulfones are considerably lower 
than previously reported. Figure 3.1 shows the DSC trace for PBS. The 
change in mid-slope shows a glass transition temperature at 28.8°C.
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These results are significantly lower than that reported by Chu, et al, 82 
and Bowden, et al., 77 who report a glass transition temperatures at 95 
and 88°C respectively. Our observations detect a classic melt transition 
from 94 to 116°C at this temperature range, as seen in figure 3.1.
Table 3.2. Copolymer analysis





















































After heating the polymer to 150°C then cooling, a 66% decrease in the 
endothenn, from -4.8 to 1.6 mj/mg, is seen when the DSC scan is 
repeated. Bowden, et ai, 77 also report a decrease endothenn at the 
temperature they report Tg after annealing, but no comment was given to 
this observation. Because of this discrepancy, the Tg was also 
confirmed, for PBS, by dynamic mechanical spectroscopy, DMS; the 
maximum tan <5 at 29.2°C is consistent with a Tg, figure 3.2, and in
agreement with that reported by DSC, figure 3,1. No transitions were 




Figure 3.1. Thermogram of PBS; DDSC, (A), right Y axis and DSC,
(B), left Y axis.
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The Tg’s based upon DSC thermograms for the olefin-S02 copolymers 





Figure 3.2. Dynamic Mechanical Spectroscopy trace of PBS (1 Hz).
Table 3.3. Thermal analysis of copolymers.











Td taken from TG, Tg taken from DSC.
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exceed 35°C. Copolysulfones with higher chain rigidity will be required 
to meet the Tg recommended for resists, i.e. > 70°C, 7 Poly olefin- 
sulfones are thermally unstable above 130°C. 83 Higher temperatures 
result in their degradation with the evolution of sulfur dioxide and olefin. 
Polysulfones are reported to degrade in two steps, the first occurring 
between 150 and 200°C, minor transition, the second >200°C, major 
transition. The minor transition represents the onset of thermal 
decomposition, or Td. There appears some confusion as to the actual 
nature of breakdown during these transitions. Two mechanisms are 
disputed. The first is that the minor transition occurs by unzipping of the 
ends and the major transition by random chain cleavage. Kinetic data 
support this mechanism showing first order degradation at the higher 
transition, consistent with random scission. 63 Bowden, e t . a dispute 
this and note that the activation energies reported are too high and are 
inconsistent with literature values. They propose a more accepted 
mechanism. 77 The minor transitions represents initial degradation at 
“weak” links located randomly in the chain, for PBS, this first transition 
is at 179°C, with a major transition at 240°C, determined by DTA.
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They argue that these links can be removed by heating the chain to this 
first transition for an extended period of time to remove these weak 
links. By annealing the polymer in this way the Td was raised from 192 
to 267°C for PBS, determined by TG. Field desorption mass 
spectroscopy experiments detect products that suggest these weak links 
as ft hydrogens shifting to the sulfone group where cleavage occurs. 84 
The DTA trace for PBS is in agreement with Bowden, et al. 77 
Transitions occur at 168°C and 215°C, figure 3.3. All transition 
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Figure 3.3. Differential Thermal Analysis of PBS showing minor and
major transitions.
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Table 3.4. DTA analysis, minor and major decomposition temperatures
for olefm-S02 copolymers.








Minor and major decompositons were seen for the three remaining 
polymers. For PMPS’s, the first and second transitions were 70 and 
100°C lower. PCS and PNS gave higher transitions than PBS. 
Thermogravimetric analysis showed that the minor transition 
accompanied decomposition with significant weight loss occurring after 
onset of the transition, table 3.3. TGA traces placed Td at 177.5°C for 
PBS, figure 3.4. PMPS begins decomposition at 120°C, suggesting that 
the incorporation of nascent tertiary carbons in the backbone reduces the 
thermal stability significantly. This is supported by Naylor, et a i, who 
report that the decomposition rate increases as the number of hydrogens
on carbons /? to the sulfone group increases. 63 Olefin comonomer is 
evolved by fi elimination of the corresponding hydrogens.83,77 PNS and 
PCS show much better thermal stability with decomposition beginning 
near 190°C which is in good accordance with the finding of Hill, et a l 85 
Increased stability is due to the cyclic nature of the comonomer, i.e. a 
decrease in the number of hydrogens on carbons ft to the sulfur dioxide 
group. 86 In all cases, residues on the order of 1-3%, were still evident in 





SO 100 1S0 200 2SO 300
TEMP (°C)
Figure 3.4. Thermogravimetric trace of PBS.
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Characterization of X-ray Sensitivity
Films of the polysulfone copolymers spun on four inch wafers 
were exposed to an X-ray flux at CAMD. PBS, PMPS, and PCS proved 
sensitive to X-ray degradation and were developed with DB-10 as 
solvent. PNS did not show imaging under the above development 
conditions. Results from 500 mJ/cm2 dose exposures are in table 3.5.
Table 3.5. Thickness loss of copolymers after development.
Polymer Original film thickness 
(pm)






* did not develope
PMPS appears to be the most sensitive of the resists to X-rays. 
This is in good agreement with e-beam tests which show PMPS to be 
the most sensitive of this type of resists. 35 The exposed areas of the 
wafer cleared completely after development even though the initial film 
thickness was the greatest of the four wafers exposed. This is 
undoubtedly due to its low ceiling temperature, -30°C. PMPS’s Tc is on
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the order of 60-90°C lower than PBS and PCS respectively, both of 
which are thermodynamically stable above room temperature, Tc’s range 
from 30-60°C. 61 Profilometry studies of PMPS indicate about fifty 
percent loss of film before development. This is undoubtedly due to the 
production of low molecular weight material that can evaporate because 
of the decreased vapor pressure afforded by the high vacuum in the 
exposure chamber.
PMPS provided the best images under these experimental 
conditions using the gold wire mesh mask. The image quality obtained 
with PMPS can been seen in figure 3.5, lines are 20-25 pm in width. 
Clean removal of the exposed area was not achieved with PBS or PCS 
films. PBS and PCS tend to unsatisfactory films upon development. 
Thus, resolution suffers, even with large features. This may be due to 
development parameters associated with the solvent used, post-baking, 
or development time. No effort was made to optimize the developing 
conditions for these resists.
Because of the partial removal of PMPS prior to solvent 
development, a study to determine its solventless development
94
Figure 3.5. Gold wire mesh image, 20-25jjM, of DB-10 developed
PMPS films.
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characteristics was performed. PMPS was exposed at four doses; 25, 
50, 100, and 800 mJ/cm2. Profilometry results are described in table 
3.6.
Table 3.6. Film thickness before and after vapor 
developed films of PMPS.
Sample
<0







1 25 0.94 0.53 56
2 50 0.80 0.52 65
3 100 0.94 0.68 72
4 800 0.97 0.00 100
PMPS exhibits a very high sensitivity to synchrotron radiation 
with over a 50% film loss at 25 mJ/cm2. This is on the order of four 
times lower than that for PBS.12 This not unexpected when viewed that 
PMPS is the most sensitive of the poly (olefin sulfones) used as e-beam 
resists. 31 Vapor development dependency on X-ray dose shows a 
logarithmic correlation, figure 3.6.
This first order correlation is similar to that observed for vapor 
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Figure 3.6. Log plot of dose vs. log film loss for PMPS 
vapor developed films.
in the literature, this correlation is the result of the competing reaction 
between the depropagating and propagating species produced by chain 
scission. This is a competitive battle between degradation and 
repolymerization of the polymer. 65,87 The reaction is pushed toward 
depropagation by multiple chain cleavages producing volatile fragments 
and because of the low ceiling temperature of these polymers, they are 
thermodynamically unstable at the irradiating temperatures.31,77
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A 1 micron thick film of PMPS was spun onto a 4 inch silicon 
wafer and exposed, 800 mJ/cm2. An X-ray test mask was used for 
imaging. Pattern results can be seen in figures 3.7 and 3.8. Profilometry 
confirmed that films vapor developed to the silicon surface. Figure 3.7 
shows good reproducibility of pattern images and displays features to 
0.6 pm limits. Figure 3.8 demonstrates features to 0.4 pm. These 
SEMs are comparable in resolution to patterns of e-beam exposed 
PMPS and PBS films under solventless development conditions. 31,36,60 
It is feasible to achieve resolution near the targeted level with this family 
of polymers using synchrotron radiation, but the poor thermal properties 
of the copolymer preclude practical applications.
CONCLUSIONS
Copolymers of PBS, PMPS, PCS, PNS can be synthesized by low 
temperature polymerization procedures. The spectral properties of the 
resulting copolymers are consistent with an alternating structure. 
Thermogravimetric analysis of the copolymers revealed that their 
thermal stability increased in the following order, PMPS < PBS < PCS < 
PNS. However, the glass transitions temperature of PBS was found to
F i S U r e X 7 - VapordeveI
oped image on PMPS, demonstrates contrast and pattern retention.
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be ~50°C lower than previously reported. The relative low glass 
transitions temperatures of the olefin sulfone copolymers reduce the 
chances of aliphatic polysulfones being candidates for viable 
synchrotron resists.
PMPS exhibited the highest sensitivity of the four copolymers 
tested. Images with satisfactory resolution could be produced. PBS and 
PCS did not exhibit the sensitivity nor resolution of PMPS polysulfones. 
PNS did not develop under the above mentioned conditions. PMPS 
gave good images and excellent sensitivities. Even at the experimental 
limits of exposure times, 1-2 second scans at 25 mJ/cm2 doses, PMPS 
begins to self develops. This would imply that much lower doses could 
be used to sensitize the resist for solvent development. Resolution and 
feature sizes for synchrotron exposed PMPS are similar to those 
described for PMPS and PBS e-beam exposed films. Sensitivity is 
higher than that for PBS and in comparisons to PMMA, we observed an 
order of magnitude increase in sensitivity to X-rays. Unfortunately, the 
inferior thermal properties of PMPS limits its use in direct write wafer 
manufacturing.
CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF CONJUGATED 
DIENE-SULFONE COPOLYMERS AND THEIR 
USE AS X-RAY RESISTS
INTRODUCTION
The analysis of olefin-sulfone copolymers revealed that they 
possess high sensitivity and adequate resolution for use as X-ray resists. 
From thermal characterization we ascertained that the Tg, <35°C, of 
these polymers were insufficient to produce lithographs with high aspect 
ratios. Copolysulfones with higher chain rigidity will be required to 
produce resists with high sensitivity and sufficient Tg’s. To decrease 
chain mobility and raise the glass transition temperature, the 
polymerization between sulfur dioxide and aliphatic olefins with bulky 
side groups was investigated. By introducing these side groups it is 
possible to increase the energy of bond rotation along main chain 
substituients, thus increasing rigidity in the chain.14 Limited success was 
obtained by polymerizing f-butyl cyclohexene with sulfur dioxide in the 





Equation 4.1. Copolymerization of sulfur dioxide and f-butyl
cyclohexene.
A Tg of ~50°C was obtained with this polymer. Although the Tg is near 
the targeted temperature of 70°C, 7 yields were low and satisfactory 
films could not be spun from this copolymer. A second approach to 
incorporating stiffness into the chain is to introduce a double bond 
directly into the backbone. A comparison between polyethylene and 
polybutadiene demonstrates this, equation 4.2
Polyethylene Polybutadiene
- A cH2— CH24 -  Ofc=CH— ch2A-
v v yn
Equation 4.2. Polyethylene and polybutadiene structures.
Polyethylene has a Tg of -125°C 14 whereas polybutadiene’s Tg is 0°C.88 
The double bond does not allow for rotation to occur in a third of the 
segment bonds, therefor an increase in Tg is seen.
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Because of its conjugated nature butadiene homopolymerizes by 
free radical initiation through a 1,4 addition mechanism, equation 4.3
Equation 4.3. Polymerization mechanism for butadiene showing
1,4 addition.
Butadiene reacts in a similar fashion with S02 to form 1:1 alternating 
copolymers. 37»89*90 Staudinger and Ritzenthaler first polymerized 
butadiene with sulfur dioxide in 1935, 91 equation 4.4.
Equation 4.4. Copolymerization of sulfur dioxide and butadiene.
This work has lead to the polymerization of a number of substituted 




polymerized polysulfones of this type using 2,3 -dimethylbutadiene, 
isoprene and piperylene to form 1:1 copolymers. 37 Although thermal 
properties were not reported, it was discovered that butadiene based 
polysulfones have Tg’s greater than 70°C. Although these Tg’s appear 
satisfactory, limited work has been reported in general for these 
polymers due to their low solubility. Copolymers derived from 2,3- 
dimethylbutadiene and butadiene are insoluble whereas piperylene and 
isoprene copolysulfones are only soluble in highly polar solvents such as 
liquid SO2, DMSO or saturated salt solutions of trifluoroacetic acid. 37 38 
In some cases terpolymers were made with 1-olefins to break up 
crystallinity and increase solubility so that solution NMR data could be 
collected.37 Butadiene based copolysulfones do not fonn adequate films 
when spun from DMSO. To study them as thin film resists, work was 
begun to increase their solubility range.
The copolymers reported to date have only methyl substituents as 
the side groups. 37 To increase the range of solubility, larger alkyl 
substituents were incorporated into the side groups. The 
copolymerization of 1,3-hexadiene with sulfur dioxide improved the
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solubility to include a host of solvents to spin films. It was subsequently 
found that nitromethane was the best solvent for this application. A later 
discovery determined that most conjugated diene polysulfones are 
soluble in nitromethane although not all spin well from it. We report the 
polymerization of various conjugated dienes/sulfone and their 
characterization. The reaction of 1,3-hexadiene, 3-methyl-l,3- 
pipeiylene, piperylene, /raw.y-2-methyl-1,3-pentadiene, isoprene, 1,3- 
butadiene, 1,3-cyclohexadiene, and 1,3-cyclooctadiene with SO2 are 
reported. The following polymers were obtained, figure 4.1: poly 
(hexadiene-1,3 sulfone), PHS; poly (3-methyIpentadiene-l,3 sulfone), 
P3MS; poly (piperylene sulfone), PPS; poly (2-methylpentadiene-l,3 
sulfone), P2MS; poly ( isoprene sulfone ), PIS; and poly (butadiene-1,3 
sulfone), PBDS. The copolymers of piperylene, 3-methyl-1,3- 
piperylene, 1,3-hexadiene, and /r<ms-2-methyl-1,3-pentadiene show high 
solubility in a common solvent, nitromethane. As a result, comparative 
data on refractive index, viscosity, and NMR were obtained.
An extensive X-ray resist study utilizing the highly soluble PHS 
was performed. Of the copolymers described above, it displayed the
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necessary parameters for a viable main chain scission X-ray resist; good 
solubility, high molecular weight, excellent film formation, high 
sensitivity, and fine feature development. Reactive ion etching 
characteristics were not obtained but would be expected better suited 
than the polyolefin sulfones because the double bond in these polymers 
is very unreactive. The polymers are inert to chemical oxidation,37 and 
we were unable to brominate these polymers. The reactivity of the 
double bond is decreased by the presence of the sulfone group. Bonding 
energy calculations detect a large partial positive charge on the sulfone 
group thus drawing electronic charge from the double bond. 38 As a 
result, resistance to RIE sources may be increased over saturated 
polysulfones. Further work in this area is needed.
EXPERIMENTAL
Piperylene, 3-methyl 1,3-piperylene, 1,3-butadiene, 1,3- 
cyclooctadiene, 1,3-cyclohexadiene, /ram-2-methyl-l,3-pentadiene, 
isoprene, terf-butylhydroperoxide, methanol, nitromethane, 2- 
nitropropane, MgSC>4 , and SO2 were purchased from Aldrich Chemical 
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Figure 4.1. Conjugated polysulfones.
Synthesis of Copolymers
Glassware was baked for 24 hrs at 150°C. Monomers were used 
as received. 2-Nitropropane was dried over magnesium sulfate, filtered, 
and stored under argon. The copolymerization between SO2 and the 
various dienes occurred under similar conditions. A typical 
polymerization between SO2 and 1,3-hexadiene was as follows; A 100 
mL reactor, equipped with magnetic stir bar, was charged with 4.5 mL 
(3.2g) of 1,3-hexadiene and 15.5 mL (15.4 g) of 2-nitropropane, fitted
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with a stopper, and purged under dry argon for 30 minutes. The 
apparatus was then placed in a dry ice/acetone bath and purged for an 
additional 15 minutes. After the apparatus cooled to -78°C, 9.7g of 
liquid SO2 was added to the reactor and mixed until homogeneous. The 
initiator, tert-butyl hydroperoxide, 0.05 mL dispersed in 5 mL of the 
nitropropane, m.p. -93°C, was then added. The reaction was run until 
gelation occurred and then allowed to warm to room temperature. The 
gel was dissolved in 50 mL of nitromethane and the polymer 
precipitated into 500 mL methanol. The precipitate was washed with 
copious amounts of methanol, filtered, and dried under vacuum for 48 
hrs. The copolymer, 5.30 g, 94% yield, elemental analysis: C48.51 H6.82; 
theoretical: C 4 9 . 2 9  was soluble in nitromethane, chloroform,
acetone, DMSO, and THF. Yields and solubility for all polymers are 
summarized in table 4.1, and their elemental analyses in table 4.2. For 
all polymerizations the molar ratio of nitopropane:sulfiir dioxide:diene 
monomer was greater than 3:3:1. Nitropropane and sulfur dioxide acted 




Inherent viscosities were determined at 25°C for solutions 
of polymers (0.5g/dL) in nitromethane using an Ubbelohde viscometer. 
GPC was performed on PHS, the only THF soluble polymer, using two 
Phenomix, lOpM, 300 x 7.8 mm chromatography columns, fitted in 
series, with a Waters 590 HPLC pump and Waters 410 differential 
refractometer. A calibration curve based on polystyrene standards was 
used to estimate the molecular weight. PHS concentrations were 1% 
wt/wt with THF, the flow rate was set at 1.0 mL/min.
A Seiko DSC 220C differential scanning calorimeter and a Seiko 
DMS 200 tensile modulator were used to determine the glass transition 
temperature. Tg reported from DSC was taken as the midpoint of the 
change in slope of the baseline; heating rate was 10°C per minute. Tg 
from DMS were taken as the maximum of tan 8 at 1 Hz. The 
degradation temperature, Td, taken as the midpoint of the change in 
slope(s) of the baseline, was found by a Seiko TG/DTA 220 
thermobalance. Transitions from DTA traces were obtained in a similar 
manner. The heating rate was 5°C per minute.
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For analysis of PHS, the !H-NMR, COLOC, optimized at 7 Hz, 
and HETCORR experiments were performed on a Bruker 400 FT NMR. 
13C-Inversion-Recovery, COSY, and DEPT experiments used a Bruker 
AC/WP200 NMR. *H NMR. for the remaining polymers were 
performed on a Bruker AC/WP200.
Infrared absorption spectra were recorded with a Perkin Elmer 
1760X spectrophotometer. Samples were prepared by pulverizing the 
polymer with dry potassium bromide salt and pressed into a film. 
Spectra were taken from 500 to 3500 cm’1, 5 cm’Vsec scan rate, 4 cm' 
Vsec resolution.
Refractive indices were measured by casting a film of the sample 
from chloroform on the observation base of a Bausch and Lomb Abbe’ 
refractometer. Films were dried with a hot air dryer for 15 minutes and 
measurements taken every 12 hours until three consecutive identical 
readings were obtained, the final reading is reported.
Elemental analysis, performed by Oneida Research Services, 
determined % C and H. Three readings were obtained for each sample, 
the mean being reported.
I ll
X-ray Exposure Studies 
PHS and PPS films were prepared by spinning 5 ml of a 6 % w/w 
solution of the polymer in nitromethane onto four inch silicon wafers at 
2500 rpm, one second acceleration time. Samples were baked at 60eC 
under nitrogen gas for thirty minutes to remove solvent. Film thickness 
was determined by elipsometry with a Nanometrics Model 210 
Nanospec/AFT based upon the refractive index of the polymer. Samples 
were exposed on the XRLC1 beamline at the Center for Advanced 
Microstructures and Devices (CAMD) at Louisiana State University, 
Baton Rouge, La., as described in Chapter 3. Gold wire mesh, forming 
grids, was used for preliminary large feature determination and an X-ray 
test mask was used for fine feature resolution studies on PHS. 
Nitropropane was used to develop exposed areas on PIP and PHS films. 
For developing images on PHS, two procedures were employed 
depending on the size of the features. The following development 
procedure used for large features, 20-25 pm, obtained with gold mesh is 
as follows: the exposed wafer was submerged for 30 seconds in a petri 
dish containing 100 mL nitropropane; the surface was blown dry using
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compressed air for 30 seconds; isopropanol was washed over the wafer 
for 30 seconds; the wafer was then baked at 50°C for 15 minutes. 
Polarized light microscopy was used to observe the features. The 
following procedure was used to develop the fine features patterned 
from the X-ray test mask: the exposed wafer was submerged in a petri 
dish containing 100 mL nitropropane for 3 seconds; the surface was 
blown dry using compressed air for 30 seconds; isopropanol was 
washed over the wafer for 30 seconds; the last three steps were repeated 
and the wafer baked at 50°C for 15 minutes. Scanning electron 
micrographs were taken of the developed images to characterize small 
features. All samples imaged by SEM were doped with 100 A of a 
gold/palladium mixture.
RESULTS
Polymerization of the conjugated dienes with SO2 resulted in a 
variety of yields and solubilities. Table 4.1 shows the percent yield and 
solubility for each respective diene/ SO2 polymerization attempted. 
Polydiene sulfones yields are increased over polyolefin sulfones. This is 
attributed to the use of nitropropane as co-solvent in the reaction. The
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reaction of olefin with SO2 are done in excess SO2, not a good solvent 
for the polymer formed. The reaction gels quickly before high 
conversion. Nitropropane, although a non-solvent for the polymers 
formed, affords higher conversion because the reaction does not gel as 
quickly. Polymerization occurs through a 1,4 addition mechanism, 
equation 4.5. 37,92
Table 4.1. Polymerization of various dienes with SO2 .
Number Polymer Diene % Yield Solubility
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4. P2MS




6 . PBDS 46 I
7. N/A 0 TRACE -
8 . N/A 0 TRACE -
Ochloroforra, A=acetone T=tetrahydrofuian, D=dimethylsulfoxide, 





Equation 4.5. Copolymerization mechanism between SO2 and 1,3
dienes.
Steric hindrance involved in the propagating species is of 
importance in sulfone polymerizations. As the attacking double bond 
becomes less hindered by substituents, the higher the yield, 
demonstrated with PHS and PPS. These copolymers have no 
substitutions at the 1,2, or 3 position and were obtained in highest yield.
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P3MS, with a methyl at the 3 position shows slightly lower yields. 
Polymers with substitutions at the 2 position exhibit yields 50% lower 
than those reported above. Cyclic diene monomers with substituents at 
the one position, (7) and (8 ), did not form high molecular weight 
copolymers. Polymers of this type have been reported, but yields were 
not stated, 37 This phenomenon is analogous to polymerization of sulfur 
dioxide with polyolefin sulfones. In this case, as substituents are placed 
at the one position of vinyl monomers, their ability to polymerize 
decrease. Problems associated with ciystallinity and steric hindrance 
arise if these criteria are not kept resulting in decreased solubility and 
low molecular weight. 61 A similar argument is applied to reactions 
involving conjugated dienes. The poor yield of PBDS is attributed to the 
decreased solubility and precipitation during the polymerization due to 
its high crystallinty.
From figure 4.1 and table 4.1, the range of solubility increases 
with size and amount of alkyl substituents. PHS is soluble in five 
solvents because of the addition of an ethyl side group. P2MS and 
P3MS are soluble in four and three solvents respectively, each of which
116
has two methyl substituents. PPS, soluble in two solvents, and PBDS, 
soluble in one, each have one methyl attached to the main chain. PBDS, 
with no substituents, is insoluble. Thus, the solubility of the polymer is 
increased by incorporating alkyl groups.
The elemental analyses reported in table 4.2 are consistent with 
1:1 copolymers. The solubility of these polymers in a common solvent 
indicate that crosslinking did not occur; PBDS’s insolubility is attributed 
to its high crystallinity. 92 Negative values for %C0-%Ct indicate an 
increase in the ratio of SO2 incorporated into the copolymer. All 
polymers except for PIS contained excess SO2 . Apparently the high SO2 
feeds during polymerization lead to a small amount of cyclization, where 
two molecules of SO2 are incorporated per repeat unit. 89 However, 
NMR analyses confirm that conjugated dienes react with sulfur dioxide 
to form predominantly 1 : 1  alternating copolymers and are agreement the 
literature. 37'92
The inherent viscosities of copolymers (l)-(4) were measured in 
nitromethane. The molecular weight for PHS, the only THF soluble 
polymer, was estimated to be over 1 x 1 0 "6  by gel permeation
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chromatography. The specific viscosities of the remaining copolymers 
were lower but within the range expected for high molecular weight 
materials.
Table 4.2. Elemental analysis of polymers obtained.
THEORETICAL OBS1SRVED
Polymer % c %H %C %H %C0-
%CT
PHS 49.29 6.89 48.51 6.82 -0.78
P3MS 49.29 6.89 47.17 6.49 -2 . 1 2
PPS 45.44 6 . 1 0 45.16 6 . 1 2 -0.28
P2MS 49.29 6.89 44.42 6.29 -4.87
PIS 45.44 6 . 1 0 48.69 6.72 3.25
PBDS 40.66 5.12 39.14 5.26 -1.52
%Co Carbon observed 
%Ct Carbon theoretical.
Refractive indices were measured, table 4.3. There appears to be 
little difference in the refractive indices among these polymers. There is 
an increase in the RI of the diene-copolysulfones over their olefinic 
counterparts from —1.52 to 1.54. An increase is expected with the 
addition of a polarizing group such as a double bond. 81
Thermal Analysis
When compared to olefinic-S0 2  copolymers, Chapter 3, thermal 
data shows consistently higher Tg for the diene copolymers, table 4.4.
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The increase in glass transition temperature is attributed to a decrease in 
main chain rotation, a consequence of introducing a double bond into the 
main chain backbone.
Table 4.3. R1 and T]sp for polymers soluble in nitromethane.




P2MS 1.541 0 . 8 6









PHS 72.1 116.6 115.9 150.0
P3MS 73.3 135.2 133.8 159.9
PPS 71.4 179.9 158.5 197.8
P2MS 82.9 150.7 147.5 175.0
PIS 82.8 159.2 157.2 190.3
PBDS 85.6 252.6 246.9 304.4
Tg based on DSC analysis.
Td is temperature of initial weight loss, TG analysis. 
Minor and Major transitions determined by DTA
ymers.
The glass transition temperatures observed using DMS and DSC 
analysis, figures 4.2 and 4.3 respectively, show similar Tg for PHS, 






Figure 4.2. Dynamic Mechanical Spectroscopy trace of PHS.
1
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Figure 4.3. Differential Scanning Calorimetry trace of PHS.
120
Major and minor transitions in the thermal degradation profile are 
observed for polydiene sulfones, table 4.4. DTA analysis of PHS shows 
two transitions, figure 4.4, similar to those observed for polyolefin 
sulfones. There appears to be little effect on these transitions by the 
introduction of a double bond into the polymer backbone, minor and 
major transitions occur in the same range between both sets of 
copolysulfones. The one exception, poly (butadiene-1,3 sulfone) 
copolysulfone, shows exceedingly high minor and major transitions 
temperatures, this is due to the high degree of crystallization. 92 
As with polyolefin sulfones, minor transitions are consistent with onset 
of thermal decomposition, table 4.4. The decomposition temperatures 
are on the order of those observed for polyolefin sulfone derivatives. 
The butadiene derivative, poly (butadiene-1,3 sulfone) copolysulfone, 
exhibits a markedly higher initial decomposition temperature, attributed 
to crystallinity affects. 92 These butadiene based polysulfones left 1-3% 
residual after decomposition, similar to that found for their olefinic 
counterparts in chapter 3. A black char remained in the sample pan after 










Figure 4.4. Differential Thermal Analysis trace of PHS.
NMR
PHS was used as a model to understand the nature of the 
alternating complex of these copolysulfones. *H, DEPT, COLOC, 
HETCORR, COSY, and Inversion-Relaxation NMR experiments were 
performed using deuterated chloroform as the solvent. Proton shifts for 
the PHS sulfone, (1), are presented in figure 4.5. Assignments are listed 
in table 4.5.
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Figure 4.5. Proton NMR spectra of PHS (1).
The 90° and 135° 13C DEPT experiment, figure 4.6, describes the 
following peaks; methines at 133.2, 126.4, and 67.5 ppm, methylenes at 
53.9 and 19.5 ppm, and one methyl at 11.2 ppm.
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Figure 4.6. 90/135 degree DEPT NMR of (1).
The HETCORR experiment, table 4.5, correlates the proton 
shifts in figure 4.5 to the carbon shifts in figure 4.6. The proton shift at 
0.97 ppm is assigned to the methyl group at 11.2 ppm in the carbon 
NMR. Methine groups for proton peaks 5.92, 5.79, and 3.66 ppm are 
assigned to carbon peaks 126.4, 133.2, and 67.5 ppm respectively in the 
carbon spectra. Of interest was the splitting associated with the 
methylene protons in the in the main chain and the side chain. Proton 
shifts at 1.75 and 2.14 ppm can be assigned to the side chain methylene; 
the corresponding 13C shift is 19.5 ppm. The homoallylic methylene
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protons appear at 3.83 and 3.96 ppm. The corresponding carbon 
resonance is 53.9 ppm.
Table 4.5. Results from *H NMR, HETCORR, and COLOC
experiments.






f 0.97 1 1 . 2 d,e
e 1.75 19.5 c,d,f
e 2.14 19.5 N/A
d 3.66 67.5 c
a 3.83 53.9 c,b
a 3.96 53.9 N/A
c 5.79 133.2 a,b,d,e
b 5.92 126.4 a,c,d
a. Positions taken from (1). CDC13 was used as solvent.
b. Position assignments of hydrogen to carbon couplings for each group.
Long range couplings, COLOC, of each proton shift and carbon 
shifts at distances of two and three bonds describes the carbon sequence 
of the methyl, methylene, and methine carbons, table 4.5. By deduction, 
the structure (1 ) is consistent with the sequence one would expect from
1,4 addition. One discrepancy is that the proton (d) did not show 
coupling with the carbons at (e) and (f) in the COLOC as one would 
expect.
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Investigation by COSY, figure 4.7, revealed that protons 
attributed to (e), 1.75 and 2.14 ppm, are coupled to each other so that 
the configuration of that carbon is fixed in a specific orientation. The 
methylene group (a), 3.83 and 3.96 ppm, shows a similar relationship in 
the COSY NMR although not as pronounced. This is analogous to that 
seen in 1-olefin sulfone copolymers with deuterated DMSO as solvent in 
which main chain methylene and a-methylene hydrogens are non­
equivalent and show coupling. 39 We did not observe this phenomenon 
for PBS, PCS, and PMPS during our NMR experiments because 
deuterated chloroform was used as solvent due to its lower polarity. 
This is further reinforced in that only one of the protons, located at 1.75 
ppm, attributed to (e), is coupled with the methine group at (d). The 
proton at 2.14 ppm does not show coupling except with the methyl 
group. This can be explained by the Kaiplus correlation which states 
that as the dihedral bond angles of two groups approach 90°, the 
coupling decreases to zero. 93 It can be surmised that the proton at 2.14 
ppm is fixed at -90° to that of the methine group at 3.66 ppm thereby 
showing negligible coupling. The rigidity observed is carried over to the
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main chain carbons in which we see splitting of the protons (a). This 
geminal splitting effect is attributed to the ethylene substituent because 
this case is not seen in the remaining sulfones, i.e. absent of large bulky 
groups. Assignment of the olefinic groups were determined by long 
range coupling, table 4.5. The proton shift at 5.92 ppm shows coupling 
to carbons at (a) and (d) whereas the proton shift at 5.79 shows coupling 
to carbons at (a), (d), and (e), the later only being feasible if the 5.79 
ppm shift is assigned to the methine group at (c).
to
Figure 4.7. Two dimensional NMR of (1).
Because long range coupling was optimized at 7 Hz and, because weak 
coupling was observed between the methine group (d) and one of the 
protons on (e) at 2.14 ppm in the COSY, there is little signal produced 
by these species in the COLOC experiment. The locking of these
along with dispersion forces effectively decreases chain mobility, thus 
the observed increase in Tg. This is further supported by Inversion- 
Recovery experiments where it becomes evident when we compare 
relaxation times between polyolefin sulfones and polydiene sulfones. 
Relaxation experiments gave similar times, Ti, for analogous groups 
between PHS and PBS, equation 4.6.
groups in a specific orientation supports the idea that the double bond
PHS





Equation 4.6. Analogous group assignments for PHS and PBS.
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In both cases, short Ti’s were observed for the more hindered groups, i, 
ii, and iii, than for the less restricted methyl group, iv, table 4.6, PBS 
relaxation times are taken from Fawcett, et al. .94
Table 4.6. PHS and PBS shift and relaxation times for analogous
groups.
Position a




i 53.9 49.4 73 51
ii 67.5 58.7 136 92
iii 19.5 22.3 96 75
iv 11.2 10.5 463 470
V 126.4 N/A 99.5 N/A
vi 133.2 N/A 116.5 N/A
a. Assignments, equation 4.6, solvent (CDCIj)
b. Taken from Fawcett, et at. 94
The relaxation times for groups i, ii and iii of PHS suggest that the 
dominant magnetic relaxation process is not bond rotation. If C-C bond 
rotation were significant, one would expect relaxation times to be similar 
to that for the unhindered methyl substituient, iv, which it is not. 
Relaxation can then only be attributed the either segmental or chain 
rotation. As demonstrated by Fawcett, et al, TVs for PBS, PCS, and
PMPS are independent of molecular weight, 94,95 therefore chain rotation 
is not the governing relaxation. Segmental motion is dominant because 
Tj’s are similar for the non-rotating olefinic carbons, Ti’s of 100 and 117 
ms respectively for v and vi, equation 4.2. Nuclei in side groups have 
higher TVs because the relaxation is due to bond rotation. 94 The Ti’s 
seen for the a-methylenes, i and iii, which show hindered rotation in 
both cases. If rotation is hindered in this manner then both hydrogens 
can be non-equivalent, further supporting COSY observations. C-C 
bond rotation hindrance in PBS is attributed to the electrostatic forces 
between the dipoles of SO2  which locks the configuration of the chain 
and hinders bond rotation. For PBS, models suggests that there are 
three degrees of freedom along one segment. If one carbon bond 
rotates, two adjacent bonds rotate. 76 Because of electrostatic 
interactions between two neighboring sulfones is high, the energy 
needed for rotation will be higher than for comparable polymers such as 
poly(l-butene), which exhibit a lower Tg, < 0°C. 88 Electrostatic 
interactions are weaker for the PHS because the distance between SCVs 
is increased by two bond units. But, in the model suggested by Fawcett,
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et al, PHS would lose a degree of freedom for rotation, because of the 
introduction of an additional immobile linkage in the segment, i.e. 
double bond, as one bond rotates the subsequent bond cannot, thus the 
increase in relaxation time. Rotation around the olefinic bond is not 
possible, this in essence explains the stiffiiess and the increase in Tg of 
PHS over PBS. Ti experiments are a good indication of relative glass 
transition temperatures as evidenced by a comparison between PMPS 
and PBS, with longer Ti’s for the latter.94 As seen in Chapter 3, PMPS 
has a lower Tg than PBS. For a comparison between PHS and PBS, we 
see in all cases relaxation times for main chain carbons are longer for the 
PHS, the longest being for the olefinic hydrogens. Tg are on the order of 
40°C higher as a result. Polysulfones are characterized as stiff random 
coils,76 PHS is therefore a stiffer coil than PBS.
NMR of the remaining polymers show shifting similar to that of 
PHS, table 4.7. Peak positions for the PPS and PIS were consistent with 
literature values. 37 The NMR spectra for (2)-(5) did not show the 
splitting of the methylene protons observed for (1). This implies that the 
methyl substituents possess higher rotational freedom to maintain an
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isotropic environment of their attached protons. In all cases the 
methylene peaks (a) were further upfield than a comparable aliphatic 
group because of the strong electron withdrawing character of SO2 . 66,64
Table 4.7. Proton NMR shifts assignments for polybutadiene based
sulfones.
POLYMER STRUCTURE a b c d e f
P3MS
(2) i  d  \h ,
3.88 5.77 N/A 3.88 1.53 1.90
PPS
( 3) I / \H CH,
4.00 5.86 5.86 4.00 1.36 N/A
P2MS
( 4) L
r b  •  *
3.67 N /A 5.57 3.95 1.46 1.95
PIS
( 5)
3 * , ^
3.98 N /A 5.60 3.88 N /A 1.82
Deuterated DMSO was used as solvent for PIS, remaining polymers utilized deuterated 
nitromethane as solvent.
IR Characterization of Diene-Sulfur Dioxide Copolymers
Peak assignments for PBDS and PIS are similar to literature 
values. 37 38 Peak assignments for the sulfone asymmetric and symmetric
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stretching bands are assigned at -1300 and -1130 cm'1 respectively. 80 
The % cis ratio was determined by the ratio between the peaks at -730 
cm'1, cis, and -980 cm'1, trcms, 37 table 4.8
Table 4.8. S02 peaks and % cis determined for soluble polysulfones.









Cis ratios varied. Polymers with methyl substituents gave higher cis 
ratios, while that of the PHS gave predominantly trcms monomers, 
figure 4.8. The fact that P2MS, made from the trcms 2-methyl 
pentadiene, gave mainly cis conformation is further evidence of 1,4 
addition because of the sp2 nature of the free radical intermediate during 
polymerization.
Sensitivity
Of the four copolymers soluble in nitromethane, only PHS and 





Figure 4.8. IR spectra of PHS, describes the relationship between
cis/trans peaks.
wafers, -1 pm thick, and exposed with broad beam, 10 x 50 mm, 
synchrotron radiation. PHS was irradiated at 150, 500, and 1000 
mj/cm2, PPS at 100 and 1000 mJ/cm2. Each was developed under the 
conditions described earlier for large features. The wafer did not clear 
in both exposed areas for PPS under these conditions due to the limited 
solubility of this copolymer, table 4.1. PHS cleared all three exposed 
areas of the wafer, revealed by profilometry when developed with 
nitropropane. Nitropropane was effective at dissolving the exposed area 
to the silicon substrate but leaving the desired image. The integrity of
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the surrounding film in the non-exposed area remained intact, no bubbles 
or cracks. Further exposure and development revealed that PHS 
exhibited sensitivities to 50 mJ/cm2 for large area exposures, doses less 
than 50 mJ/cm2 were not attempted.
Resolution
Large features were obtained with gold wire mesh masking, figure 
4.9, 250 mJ/cm2 exposure dose. Large feature development conditions 
were used, film thickness ~1 pm. Clearly evident is the complete loss of 
residual film around the desired image. This is an important criteria as 
feature size is decreased. Profilometry studies exhibited sharp edges for 
these features. Lines are approximately 20-25 pm in width.
Polydiene sulfones possess most of the important resist criteria, 
i.e., high molecular weight, high Tg, stability, and solubility. To be fully 
utilized as X-ray resists, they must also exhibit reproducibility of 
structure, resolve fine features, i.e. maintain feature integrity, and clear 
the exposed area of irradiated polymer. An X-ray test mask was 
employed to study feature resolution for PHS. X-rays, in the form of 
synchrotron radiation from the CAMD storage ring, were used to study
135
Figure 4.9. Gold mesh image of PHS exposed resist, 20-25pM line
width.
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sensitivity. Doses of 250 mJ/cm2 over exposed the wafer and fine 
feature resolution was lost, a phenomenon common with polysulfones in 
general. 31,35 Fluxes of 100 mJ/cm2 energy provided sufficient radiation 
to degrade thin films while maintaining fine structures. The small 
feature development process was used for these studies. Figures 4.10- 
4.16 describe our findings. Figures 4.10 and 4.11 demonstrate the 
ability of PHS to resolve features to 0.25pm, the smallest features on the 
mask. High magnification inspection of submicron structures was 
difficult because of vibrational problems with the SEM. The ability to 
resolve submicron features clearly demonstrates that PHS has the ability 
to deliver the fine images that are needed for future computer resists. 
These films maintain edge acuity figure 4.12. The image is preserved at 
the comers, supported by profilometry studies. This allows for good 
repeatability of structure without distortion, figures 4.13 and 4.14. 
Because the strength of these resists are their low sensitivity, i.e. faster 
image production, they must maintain repeatability in design quality with 
respect to current resists. This dictates that all exposed areas be 
removed from the irradiated area and that swelling does not occur during
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development; i.e. no substantial amount of residual resist must be left 
between images and the images must not show distortion. From figures 
4.15 and 4.16, exposed areas were removed around and inside exposed 
features and image shape was maintained. In all cases PHS exhibited 
similar if not superior image characteristics to that of the polyolefin 
sulfones described in chapter 3 and the literature. 4 To make a defining 
judgment a test mask with finer features must be employed. 
CONCLUSIONS
Elemental and NMR analyses confirm that conjugated dienes 
form 1:1 copolymers with SO2 in the polar solvent nitropropane, with 
some cyclization possible as expected with high SO2  molar feeds. By 
using nitrated solvents, similar to those used for Friedel-Crafts 
polymerization of dienes,96 with low melting points and high polarities, 
the polymerization remains homogeneous until a relatively high degree 
of conversion is reached. Using these solvents, diene monomers with 
limited solubility and ceiling temperatures can be polymerized by this 
method. Three unique polysulfones, PHS, P2MS, and P3MS, were 
obtained in this manner. By incorporation of alkyl side groups into the
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Figure 4.10. Electron micrograph of patterns in PHS exposed film,
exhibits features to 0.25pM.
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Figure 4.11. Electron micrograph of patterns in PHS exposed film,
exhibits line spacing >0.30 jjM.
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Figure 4.12. Electron micrograph of patterns in PHS exposed film, 
demonstrates edge retention.
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Figure 4.13. Electron micrograph of patterns in PHS exposed film,
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Figure 4.14. Electron micrograph of patterns in PHS exposed film,
exhibits reproducibility of image structure.
Figure 4.15. Electron micrograph of patterns in PHS exposed film, 
illustrates ability to clear exposed resists from unexposed areas.
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polymer, solubility is obtained in a wider variety of solvents than was 
previously attained. Polysulfones reported of this type, found to be 
soluble in DMSO or similar solvents, cannot be spun to give adequate 
films. Nitromethane was found to be an effective solvent for spinning 
PHS and PPS. This solvent affords films of good quality, i.e. clarity, 
smoothness, and adhesion.
One of the main limitations olefinic polysulfones have endured are 
their poor thermal properties, i.e. low Tg. The diene copolysulfones 
reported here appear to be the first case of high Tg non-cyclic 1:1 
polysulfones. Relaxation experiments support these findings. The Tg of 
PHS is higher than PBS because it is a stiffer coil as evidenced by their 
longer relaxation times.
Resist studies clearly demonstrate that PHS exhibits high 
sensitivity ( <50 mJ/cm2), resolution ( <0.25pm ), repeatability, and 
development parameters to allow efficient use as an X-ray resists. 
Couple these properties with high Tg, good film forming capabilities, 
high molecular weight, and process latitude and PHS demonstrates a 
breakthrough in resist technology.
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